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Abstract 
 
An investigation of the spin orbit interaction and the electric field induced 
modulation of the magnetic anisotropy energy in perpendicularly magnetized Pt/Co/AlO 
and Pt/Co/Pt trilayer structures was conducted in contemplation for the development of 
efficient methods of magnetization control for magnetic memory and sensor devices.  
Spin orbit interaction in Pt/Co/AlO is widely debated throughout reported literature with 
causes varying between the Rashba and spin Hall effect and measured strengths varying 
up to 2 orders of magnitude.  To resolve the inconsistency, films of varying interlayer 
thicknesses as well as material compositions were fabricated, measured and corresponded 
to the associated spin orbit interaction origin based on theory.  The measurement method 
of the present experiment addresses the errors associated with previous methods due to 
heating.  In addition, the magnetic anisotropy modulation by an electric field effect was 
also examined to remedy the mutually exclusive anisotropy requirements for the 
efficiency and efficacy of magnetization switching and preservation in materials with 
static anisotropy.. 
 
Pt/Co/AlO trilayer films were deposited by RF magnetron sputtering and 
patterned into microscale rectangles through lithography.    Typical thicknesses of Pt 
and Co ranged from 3 to 5 nm and 0.6 to 0.9 nm respectively.  Electrical currents were 
applied longitudinally to the sample and the magnetization was measured transversely 
through the anomalous Hall effect.  Some Pt/Co/AlO rectangles were covered with a 
dielectric layer and fitted with a Au electrode on top to induce an electric field into the 
sample underneath. Applying an electric field into a material modifies its electronic 
structure and the associated magnetic anisotropy energy.  Electric field induced 
magnetization modulation were carried out through perpendicular hysteresis tests which 
were then used for Arrott plots in the Curie temperature determination.  Pt/Co/AlO 
samples exhibited an increase in coercivity compared to the zero volt hysteresis when a 
positive voltage was applied to the Au electrode and a decrease in coercivity for a 
negative voltage from which the associated increase and decrease in anisotropy energy 
was also determined.  Measurements were repeated for several temperatures from which 
the Arrott plots were formulated to determine Curie temperatures.  Negative/positive 
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voltages resulted in a decrease/increase in Curie temperature and the corresponding 
anisotropy energy change is consistent with results of the previous coercivity 
measurement.  The field polarity dependent change in the anisotropy energy is caused by 
the addition or reduction of electrons occupying the localized magnetization orbitals.  
Further implications of these results include the need for a quantum mechanical approach 
for quasi 2D thin films since from a classical physics perspective, metallic electronic 
structure modulation is believed to be difficult due to short charge screening distances. 
 
The Rashba effect in Pt/Co films manifests as an exchange interaction mediated 
effective magnetic field perpendicular to the film stack and current direction (transverse 
field) due to the spin orbit coupled electrons traveling through the Pt/Co interface.  The 
spin Hall effect is the effective field parallel to the current (longitudinal field) originating 
from the spin dependent scattering of electrons off Pt atoms resulting in a vertical spin 
current exerting a Slonczewski angular momentum exchange torque.  Pt/Co/AlO and 
Pt/Co/Pt films were fabricated with varying Pt and Co thicknesses and the spin orbit 
interaction was measured using an AC current induced magnetization tilting technique 
and represented as an effective magnetic field on the magnetization.  In Pt/Co/Pt trilayer 
films, opposite spin currents are exerted on the Co from the top and bottom Pt layer 
however a longitudinal field was found to exist for samples with unequal Pt thicknesses 
and vanish for equal Pt thicknesses.  These results can be attributed to the spin Hall 
effect since the spin current from thinner Pt layer of the asymmetric sample is suppressed 
due to spin diffusion whereas the spin currents from symmetric sample cancel out.  It 
was found that the spin Hall effect originates from the spin dependent scattering of 
electrons from the Pt layer into the Co layer resulting in an effective field parallel to the 
current.  The strength and thickness dependence is consistent with the drift diffusion 
dynamics of the spin Hall effect.  An unsuccessful measurement for the transverse field 
was also determined further lending credence to the spin Hall effect theory in Pt/Co/Pt 
films. 
 
A set of Pt/Co/AlOfilms were fabricated and measured in the same way.  In 
Pt/Co/AlO, increasing Pt thicknesses was found to increase the longitudinal field 
consistent to the previous experimental results, however it was also observed to decrease 
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the transverse field.  One reason for the decrease is the increased current shunting for 
thicker Pt layers which correlates to the Rashba effect since it depends on the current 
traversing the Pt/Co interface.  The largest longitudinal and transverse field was found 
when Co thickness was increased.  Increasing Co thickness led to a homogeneous film 
formation and overall improved properties. 
 
A longitudinal field correlated to the spin Hall effect of 267 Oe was found in a Pt 
5 nm / Co 0.6 nm / Pt 1 nm sample while a longitudinal field and transverse field 
correlated to the Rashba effect was found in a Pt 3 nm / Co 0.9 nm / AlO 2 nm sample at 
199 Oe and 355 Oe respectively.  The results demonstrate the presence of both a spin 
Hall effect and Rashba effect affecting the magnetization via a longitudinal and transverse 
field respectively based on the thickness dependence.  The contributions of heating are 
excluded from the reported strengths due to the measurement method employed thus 
providing a more accurate account of the spin orbit interaction.  The anisotropy energy 
of Pt/Co/AlO is also modular in strength by electric field effects and in conjunction with 
current induced effective fields from induced spin orbit, greater efficiency in 
magnetization control for device applications can be expected through these phenomena.  
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Chapter 1 
Introduction 
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Introduction 
 
Magnetic materials are perhaps most well known as their fundamental role as a 
recording medium, first demonstrated in the magnetic recording of an audio signal by an 
iron powder wire. Through several intermediate technologies, tape, drums, floppy 
diskettes, magnetic recording has culminated in the hard disk drive which offers 
unparalleled data longevity and storage density. However such advances were not 
possible without fundamental overhauls in the device operation as well as the scientific 
understanding.  Traditionally magnetism was associated with wire loops and induced 
currents which were unified through Maxwell’s four equations on electromagnetism[1].  
Ferromagnetism was of greater mystery and while its existence was well known since 
ancient times, a phenomenological understanding was never achieved.  It is now widely 
recognized that ferromagnetism arises from a magnetic moment that is intrinsic to 
electrons and other fermions known as “spin” and that magnetization is simply orienting 
spins in the material via an external applied field which offered control of magnetization 
orientation as a form of data recording.  In recent years, limitations of magnetization 
control by magnetic fields is approaching due to the half select problem, which is the 
inability to efficiently confine magnetic fields to individual regions severely limiting the 
effectiveness of magnetization control.  Bound by the limitations and principles of 
quantum mechanics, the manipulation of spin directly is the next logical step towards 
advancing magnetic materials.  One of the first spin exclusive transport mechanisms is 
the giant magnetoresistance[2][3][4]. 
 
Giant Magnetoresistance 
 
One of the first demonstrations of spin dependent transport mechanisms in 
multilayered films is the Giant Magneto Resistance effect where the electrical resistance 
of a multilayered film structure was dependent on the relative magnetization orientation 
of each layer.  This was demonstrated in an epitaxially grown Fe/Cr multilayered 
structure with antiparallel magnetization of the Fe layers governed by the 
antiferromagnetic coupling between the separating Cr layers[2].  When an electrical 
current was applied normal to the stack structure, the resistance was found to be the 
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greatest at 0 field and at a minimum when an applied in plane field saturated the 
magnetization of the film in a single direction.  The change in electrical resistance was 
not observed for any current direction in plane to the film stack, supporting the idea that 
the spin dependent scattering along the interfaces of the Fe/Cr multilayer structure was 
largely responsible for the change in electrical resistance. 
 
The principles of the GMR have extended to the development of sensitive 
magnetic field sensors through the use of epitaxially grown films similar to the Fe/Cr 
multilayer although soft magnetic materials have been used in place of Fe and 
paramagnetic materials in place of Cr.  Further complex systems involving FM/NM/FM 
trilayer structures also known as tunneling magneto resistance have also been developed 
as a result[5][6].  Similar in principle, TMR junctions operate on the basis of quantum 
tunneling of electrons through the insulator layer resulting in resistance ratios of over 
1100% at low temperatures and 600% at room temperature[7]. 
 
Spin transfer torque 
 
Taking the spin dependent model of magnetization “reading and sensing” even 
further, with large currents the possibility of magnetization “writing” becomes possible 
through a mechanism known as spin transfer torque[8][9][10].  This is made possible 
through the generation of a spin polarized current and applying it through a magnetic 
region, which subsequently exerts an angular momentum exchange on the local 
magnetization causing it to tilt.  Such phenomena was first predicted by J. C. 
Slonczewski and demonstrated in similar FM/NM/FM junctions[8].  A current traversing 
perpendicular to the stack structure could become spin polarized by one FM layer and 
exert a torque on the second layer effectively “writing” the magnetization.  With the 
advent of this concept, the writing and reading ability all exists within the single MTJ 
device further advancing the versatility and feasibility of an all electric magnetic memory 
device.   
 
 
Spin orbit torque 
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While the writing and reading of magnetization has been successfully 
demonstrated in a single MTJ device, much advancement in power requirements, device 
size (data densities) must be achieved.  A newer proposed method of magnetization 
control is spin orbit torques which is the control of magnetization through spin orbit 
interaction[11][12].  The process involves polarizing conduction electrons through spin 
orbit interaction to control the magnetization, as opposed to polarizing electrons through 
traversing a magnetic layer and exchanging angular momentum.  Such spin polarized 
currents are usually generated by currents traversing a heavy metal (HM) layer which 
affects an adjacent magnetic layer. 
 
Controversies surrounding spin orbit torques. 
 
 The idea of spin orbit interactions inside metals have only recently come to 
fruition in the early 21
st
 century.  One of the first ex situ demonstrations of the spin orbit 
torque and the reversal of magnetization was published by Miron et al[13].  In that 
experiment, the magnetization reversal was demonstrated in Pt/Co/AlO wires due to a 
spin orbit torque induced by pulsed currents.  The strength of the torque on the 
magnetization was found to be originating from the Rashba effect and equivalent to 1T 
per current density of 10
8
A/cm
2
 (effective field per current density or Oe cm
2
/10
8
A 
became the standard unit for expressing spin orbit field strengths).  The field in that 
experiment remains the highest among the reported values.  A second experiment 
followed up the previous one with a measurement of the same phenomena in a 
Ta/CoFeB/MgO hall bar structure.  This experiment focused on the current dependent 
magnetization tilting in the presence of several bias fields which concluded with an 
effective field strength of 2300 Oe cm
2
/10
8
A[14].  The strengths of the effective fields 
came under scrutiny by a L. Liu. et al of Cornell University who claimed that the Rashba 
fields were far too large and nonexistent as well in their experiment involving Pt/Co/AlO 
Hall bar structures.  They asserted that the originating cause for the spin orbit torques is 
the spin Hall effect, a fundamentally different phenomena with a strength 2 orders of 
magnitude lower[15].  Miron et al recanted their previous results in a new experiment 
claiming that while heating effects have artificially increased the field strengths through 
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the weakening of magnetic anisotropy, a Rashba field does indisputably exist in 
Pt/Co/AlO structures[16].  The majority of this present experiment in this thesis aims to 
resolve the strength dispute through a method that is not affected by heating and 
investigate the thickness dependence of individual layers to adjust the effect of each 
phenomena and its relative contribution. 
 
Further efficiency increases 
 
 Field effect devices are characterized by a dissipationless (trivial energy usage) 
of changing the conductive state of a semiconductor.  Field effect devices in metals are 
of great technical difficulty due to the high carrier concentrations of metals (compared to 
semiconductors) though recent experiments involving thin metal layers of several atomic 
layers have shown field effect-like behavior.  Furthermore, since magnetization is 
directly related to the occupancy of electrons within a band structure, the ability to 
modulate magnetization strength by electric fields has drawn significant attention for the 
memory devices and applications.  While field induced spin orbit interaction control has 
been demonstrated in semiconductors[17], it has also yet to be seen if the spin orbit 
interaction (which requires an electric field) can also be modulated in metals through this 
manner providing further benefits in efficiency and lower power consumption. 
 
Applications, MRAM future and benefits 
 
The internet has revolutionized digital communication and information and as 
such, the demand for faster and more efficient servers, routers, fiberoptic lines will 
continue to increase.  Amongst all the computing devices required to run this 
communication and information infrastructure, data storage and memory plays an 
important role in archiving information.  Data storage and memory which is represented 
as a cluster, string or group of binary states that can be stored on devices as various “on/ 
off” states, can be categorized as volatile or non volatile.  Volatility can be determined 
by a number of factors including the difference of energy between the off/on states, as 
well as the energy required to change between the states.  Volatile memory is associated 
with SDRAM which is fast but requires a constant power draw to maintain the data even 
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when there is no reading or writing present.  Non-volatile memory is usually associated 
with hard disk drives where data can be retained in a magnetic state for long periods of 
time owing to the large energy barrier between switching.  It is hoped that the results of 
this research can aid the further development of fast, efficient but non volatile magnetic 
based memory devices and sensors. 
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Chapter 2 
Theory of perpendicular magnetism, 
and electrical control of 
magnetization 
 
 
 
The first portion of this chapter briefly covers the concept of magnetization and the 
relation of preferential axis to the crystal and atomic structure.  Then the basics of the 
Hall effect are covered which serves as the primary method of measuring and detecting 
the magnetization.  Finally the current induced torques and effective magnetic fields on 
the magnetization by spin orbit interaction are then discussed.   
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2.1.) Perpendicular magnetization in Pt/Co/AlO 
 
2.1.a) Ferromagnetism 
 
Ferromagnetism refers to magnetic materials that can retain a net magnetization 
even in the absence of a magnetic field.  The presence of magnetic materials has been 
known since ancient times with the discovery of lodestone; an iron based mineral which 
was commonly used for navigational compass needles.  The practical use of magnets has 
not dwindled since then, as today they are commonly found in all sorts of daily life 
products from refrigerator magnets, toys, motors and many other things.  Despite its 
history, the fundamental science behind magnetism largely remained a mystery (and to an 
extent still does today), though some of the pioneering work in understanding magnetism 
can be credited to Pierre Weiss in the early 20
th
 century.  The distinguishing aspects of 
ferromagnetism originates from two postulates that was first implied in the Weiss theory 
which are (a) a spontaneous long order alignment and (b) the partitioning of individual 
spins into domains.  The first step of the Pierre Weiss “mean field theory” described the 
behavior of individual spins in an “average” magnetic field caused by a magnetic field 
from an external source or the magnetization (Fig. 2.1).  The field by the collective 
individual spins acting on the magnetization M can be characterized by a molecular field 
Hm where 
 
 Hm = γM 2.1 
 
and γ is a molecular field constant.  This can be expressed through the following form 
in terms of an external applied field Hext and a molecular field Hm yielding 
 
 
M = χP(Hext + Hm),    χP =
C
T
,     MT = C(Hext + γM) 2.2 
 
where χP is the paramagnetic susceptibility and C is the Curie constant a material 
dependent value relating temperature to susceptibility.  The previously described 
equations show the temperature dependent paramagnetic behavior of materials which is 
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characterized by the magnetization due to the presence of Hext and its decrease with 
increasing temperature,  In the concept of Ferromagnetism it is postulated that above a 
particular temperature known as the curie temperature TC, the kinetic energy overcomes a 
molecular field and remains paramagnetic but below the temperature, a finite 
magnetization exists even in the absence of Hext .  Determining the ferromagnetic 
susceptibility χ = M Hext⁄  from the above equation can be modified to 
 M
Hext
=
C
(T − TC)
 2.3 
 
which indicates temperatures ≤ TC is ferromagnetic and paramagnetic for temperatures 
> TC.  From the third term in equation 2.2, in the absence of Hext, it can be determined 
that the Curie temperature TC = Cγ.  Substituting for the Curie constant, the result is the 
“field constant” 
 
 
γ =
TC
C
=
3kBTC
Ng2J(J + 1)μB
2  2.4 
 
where N is the total number of atoms, g is the Landau g factor, J is the angular 
momentum and μB  is the Bohr magneton.   The mean field theory provided a 
mathematical model of spin interaction in a molecular field within a material as a whole 
with the addition that below TC a finite magnetization exists in the absence of a Hext 
held together by a molecular field factor γ.  The mean field theory did not explain the 
physical origin of this field and it wasn’t until the early 20th century where a greater 
understanding in quantum mechanics brought forth the exchange interaction theory.  
Exchange interaction can be difficult to conceptually understand since there is no 
kinematic equivalent of such interaction. It can be described as repelling identical 
particles (such as two electrons of identical charge) having parallel spins is more 
energetically favored due to the Pauli Exclusion Principle.  The effect on the 
magnetization and spin electrons can be regarded similarly to the molecular field with a 
conversion of equation 2.4 to 
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Fig 2.1 Mean field approximation.  The average behavior of the spin alignment in the presence of a  
“collective field” from the material as a whole.  This was later formulated to include exchange 
interaction as the mediating “force” for long term alignment in a ferromagnetic material. 
 
 
J =
3kBTC
2zS(S + 1)
 2.5 
 
where z is the number of near neighbor atoms, S is the spin angular momentum and J is 
what is usually referred to as the exchange constant.  The concept of ferromagnetism can 
be largely explained by the spontaneous alignment of unpaired individual spins mediated 
by exchange interaction.  From that main postulate, several requirements for 
ferromagnetism involving the material and electronic structure are  
 
A) Partially filled bands so that electrons can achieve a net spin polarization 
without cancelling one another out. (Fig. 2.2) 
B) A high density of states allowing for a high degree of spin polarization and that 
spin flip transitions within the band are energetically equivalent. (Fig. 2.2) 
C) Interatomic spacing is sufficiently low enough that exchange interaction can 
propagate atom to atom and the material as whole. 
 
Requirement A and B are satisfied by most transition metals with unfilled d orbitals  
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Fig 2.2  Arbitrary density of states diagram for a ferromagnet.  Right half corresponds to the local 
band while the left corresponds to the delocalized band.  Local magnetization bands are characterized 
with high number of states allowing for a high population of unpaired electrons and low energy 
transitions between states so that spin flips transitions can occur effortlessly. 
however only Fe, Co, and Ni have the correct atomic spacing to achieve an interatomic 
exchange force for requirement c and are thus the only intrinsic elemental ferromagnetic 
materials.  A special case involves rare earth metals which have a high density of states 
allowing for a greater unpaired spin populations and low transition energies due to the 
open f orbitals.  However the interatomic spacing of f orbitals are too large to exhibit a 
strong exchange interaction between atoms.  Transition metals (providing the correct 
interatmoic distances) alloyed withrare earth metal alloys have been capable of producing 
exceptionally strong magnets with notable examples including as Yttrium Cobalt[18] and 
Neodymium Iron Boron.  Through Eq. 2.5 and requirements A-C for ferromagnetism 
only specifies the dependence of the electronic structure and exchange constant on the 
number of neighboring atoms without any specific angular dependence.  It can be safely 
assumed that crystallinity is not a specific requirement for ferromagnetism and 
amorphous ferromagnetic materials do exist. [19][20] 
 
2.1.b.) Magnetic Anisotropy 
 
Up to this point, nothing explains the cause of a preferential axis found in certain 
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magnetic materials which is one of the key fundamental aspects of distinguishing 
magnetic orientation.  Preferential magnetization axis is the basis of magnetic anisotropy 
and the energy associated with the work require to switch between these magnetization 
axis is the magnetic anisotropy energy (MAE).  The simplest case is shape anisotropy 
which is related to the demagnetizing field characterized by a magnetic field due to stray 
currents or dipoles (Fig. 2.3).  It explains why a long cylindrical magnetic is easier to 
magnetize along the vertical direction as opposed to the radial direction and serves as the 
main mechanism for the in plane magnetization in thin films of thicknesses on the order 
of tens of nanometers.  Magnetization by a stray field tends to be non uniform, as edges 
tend to be of different orientation compared to bulk areas.  Uniform magnetization by 
shape anisotropy therefore becomes a problem when scaling down sizes where surface 
area to volume ratios become larger. 
 
A second type of anisotropy is the magneto-crystalline anisotropy which is the 
formation of preferential axis dependent  on the electronic structure and the 
crystallographic properties of the material.  From the coulomb potential Schrödinger 
equation, it can be assessed that electrons “orbiting” a positive nuclear charge are 
associated with an angular momentum for the wave functions with an azimuthal quantum 
number l > 0 which is reflected in the p, d, f orbitals (Fig 2.4).  The orbital moment can 
couple with the spin of unpaired electrons leading to non-degenerate, electron spin 
alignment based on the available states and the degree of filling in these orbitals.  In 
bulk systems with uniform crystallinity, this leads to preferential axis which depends on 
the crystal structure.  For BCC crystal structures the easy axis is found to be in the 100 
direction while for FCC crystal structures, it is in the (111) direction.  Another important 
contributing factor to the orientation of preferential axis is known as orbital quenching 
which is the preference of the electron occupancy of particular orbitals due to the 
electronic structure and relative location of atoms.  Electron orbitals are attracted to 
positive charges (other atomic cores) and repel negative charges (other electron orbitals) 
both of which contribute to non degenerate energy states within the same azimuthal 
quantum number (Fig 2.4).  This non degeneracy is the result of the presence of other 
atoms which is not predicted in the simple coulomb potential model of the Schroedinger 
equation used to determine the shape of orbitals in the previous figure.  From Fig. 2.4, it  
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Fig 2.3  Shape anisotropy.  The longer rectangular ferromagnet (left diagram) is easier to magnetize 
lengthwise along the sample due to stray fields.  A spherical ferromagnetic (right diagram) has no 
preferential axis and can be magnetized in any direction with equal strength. 
generally implies (in homogeneous materials) that the easy axis of magnetization tends to 
follow the line of the lowest atomic density as is the case with (100) in BCC structures 
and (111) in FCC structures [18][21].  Magnetocrystalline anisotropy can be regarded 
that the spin orbit coupling of electrons  in localized electron orbitals of a particular 
crystallographic structure provide the basis for allowed orientations while exchange 
interaction between these electrons provide for long term unified orientation of spins that 
makes up magnetization as whole.  Orbital quenching plays an even stronger role in 
determining magnetization for thin film magnetization due to the crystallographic 
asymmetry. 
 
In this particular Pt/Co system where Co has a thickness of several monolayers 
(< 1 nm), the greatest contributing factors enhanced surface anisotropy due to asymmetric 
crystallographic structures at the Pt/Co interface[22][23].  Electronic structure 
calculations by x-ray magnetic circular dichroism experiments carried out by several 
groups show increased density of states for dxy and dx
2
-y
2
 orbitals in the case of heavy 
metal (Pt, Ag, Pd) seeded underneath a monolayer cobalt at the interface thus indicating  
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Fig 2.4  (a) orbital and associated moment with spin orbit coupling.  (b) Ligand field and with non 
degenerate orientations.  Orbital ligand fields are disturbed by neighboring atoms which results in non 
degenerate orbital orientations.  Orbital ligands also contain an angular momentum moment which is 
spin coupling to form preferential orientations.  (c) FCC and BCC preferential axes.  “Easy” axis 
(green) tend to be in the direction of lowest atomic densities. 
that the out of plane orbitals tend to be energetically favored due to the electronic 
structure at the interface[24][25].  This can be pictured through the electric field 
screening of the orbital ligands between the Pt and Co causing the in plane orbitals with 
an out of plane orbital moment to be energetically favored owing to the strong PMA (fig 
2.4b) [24].  The PMA is also enhanced due to the lattice mismatch between Pt (0.28 nm) 
and Co (0.26 nm) through stress induced anisotropy[26].  When the Co thickness is 
increased, the PMA is weakened due to the demagnetizing field causing the 
magnetization to tilt into the plane which the threshold for this thickness is  
approximately 1 nm.  The origins of PMA is crystalline in nature which is enhanced by 
the interface effects for the case of thin films.  The benefits to this type of anisotropy is 
the exceptionally strong magnetization per unit volume achieved with magnetization 
which can be achieved for monolayer thicknesses.  Additional benefits are the planar 
uniform magnetization achieved through magnetocrystalline anisotropy in contrast to 
shape anisotropy resulting in stray fields along the edges of the film leading to 
non-uniform magnetization.  All aspects mentioned are expected to reduce the current 
requirements and switching times for electrical magnetization control. 
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Fig 2.5  (a) Co and Pt layered structure exhibits an FCC 111 crystal structure.  Lattice mismatch 
between the Co Pt as well as the orbital quenching due to the electronic structure at the interface 
contributes to a larger perpendicular magnetic anisotropy.  Interface PMA is generally favored over in 
plane shape anisotropy due to uniformity in magnetization and unlimited downscaling capability. 
 
A secondary contribution to perpendicular magnetization is the Co O interface. 
Oxygen and cobalt forms a hybridized 3p-3d orbital which similarly exhibits a spin orbit 
coupling moment and orbital quenching at the interface as well.  Several experiments 
investigate the formation of PMA in a Pt/Co/Al film and the dependence of the oxidation 
of the Al.  Films where the Al layer was not sufficiently oxidized and films where the 
oxidation penetrated into the Co exhibited no PMA while films oxidized for a specific 
amount of time exhibited PMA which indicates the Co Oxide interface contributes to the 
PMA[27].   
 
2.2.) Hall effect 
 
2.2.a.) Ordinary and anomalous 
 
To measure and control the magnetization by electrical means, films fabricated  
Co 
Pt 
FCC (111) facet 
In plane shape 
anisotropy 
Perpendicular 
interface anisotropy 
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Fig 2.6  (a) The ordinary hall effect can be understood as the transverse velocity component acquired 
by traveling electrons through a Lorentz force from a magnetic field.  (b) The anomalous Hall effect is 
similar to the ordinary Hall effect in that the transverse velocity acquired is proportional to the 
magnetization .   However this effect is too large to be explained by a magnetic contribution by the 
magnetization and requires a quantum mechanical approach in resolving the phenomena. 
into Hall devices were the subject of experimentation due to the ease and practicality in 
measuring the PMA.  There are several forms of the Hall effect of varying origins 
however in principle it involves the measurement of a voltage orthogonal to the applied 
current for thin structures in the presence of a magnetic field..  The first form of the Hall 
effect (named after its discoverer Edwin Hall in the late 1800’s) is known as the ordinary 
Hall effect which is inversely proportional to metal thickness and the strength of the 
applied magnetic field perpendicular to the plane of the film.  The ordinary Hall effect 
could be explained by the Lorentz force exerted on electrons traversing a magnetic field 
with the voltage given by 
 
VHall = −
IH
nhe
,   RHall =
H
nhe
 2.6 
 
where I is the current, H is the applied field, n is the carrier concentration, h is the 
thickness of the film and e is the electrical charge. 
 
Also discovered by Edwin Hall was the anomalous Hall effect (AHE) which is 
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the presence of a transverse voltage that was proportional to the magnetization 
(sometimes referred to as the extraordinary Hall effect)[28].  While the effect was 
similar, the anomalous Hall effect exhibited a strength much greater than what could have 
been explained by any knowledge of magnetism at the time of its discovery.  The 
observed Hall voltage in a ferromagnet was hundreds of times larger than any observable 
magnetic contribution from the magnetization.  The corrected form of the Hall voltage 
can be expressed as  
 
 VHall = I(RHall + RAHE),   RAHE ∝ M 2.7 
 
where RAHE  is the magnetization proportional anomalous Hall resistance .  An 
explanation for the anomalous Hall effect remained largely elusive until the pioneering 
work of Berry and the quantum mechanical anholonomic system.  The resulting voltage 
from the AHE is not due to the magnetic contribution but resembling a phase acquired 
due to the anholonomy of electrons when constrained to parallel transport on a manifold 
represented in reciprocal space (k space).  In a non equilibrium spin polarized system, 
the anholonomic transport results in a net voltage due to the asymmetric average spin 
dependent velocities of electrons traversing the film.  It is intuitively fruitful to first 
understand the anholonomic transport from a classical mechanics point of view.  The 
classical mechanical aspect is the geometric phase with the simplest example being the 
Foucault pendulum’s angular precession.  The quantum mechanical equivalent is known 
as the Berry phase [30]. 
 
2.2.b.) Geometric Phase 
 
The geometric phase is an angle acquired by the anholonomic nature of a closed 
loop parallel transport along a manifold[30].  The simplest classical mechanical 
representation of this concept is the Foucault Pendulum where the oscillating plane of the 
pendulum, represented by a vector that is tangent to the surface, rotates around a local 
frame of reference as it is transported along the Earth’s rotation.  The daily rotation 
angle along the local frame (or geometric phase of this system) is given by 2sin() 
where theta is the angle from the equator.  The Foucault pendulum’s motion along the  
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Fig 2.7  Parallel transport visualization.  A vector constrained to being tangent to the surface and 
parallel to the original plane but free to rotate about the r axis describes parallel transport.  Along a 
curved manifold, the angle which said vector rotates around the r axis is said to be the geometric phase.  
In quantum mechanics, the equivalent occurs in k space.  The anholonomic angle is known as the Berry 
phase which acts as an effective magnetic field via the Ahranov Bohm effect. 
Earth is assumed to be sufficiently slow in that the overall motion can be described as 
parallel transport along the surface.   
 
A vector v⃑  is placed on a flat surface oriented parallel to the y axis.  This 
vector can represent the swing motion of a Focault pendulum.  The constraints for the 
parallel transport of a vector v⃑  along the surface are (Fig 2.7)  
 
a) The vector at the next infinitesimal destination must be coplanar with the starting 
point 
b) The vector must remain tangent to the surface at all times 
c) The vector is free to rotate about the normal surface vector at any time in order to 
maintain conditions (a) and (b) 
 
In the case of a flat surface no phase is acquired through any closed looped transport since 
any motion adhering to the conditions of parallel transport will not cause the vector to 
rotate about the normal surface vector and this system is holonomic (Fig 2.8).  The  
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Fig 2.8  Parallel transport and several surfaces.  The geometric phase (angle) of a vector constrained 
to parallel transport on a flat surface will remain unchanged for any path taken.  A vector constrained to 
parallel transport traversing a curved surface will rotate due to the geometric properties of the surface. 
case of the spherical surface is more complex.  One intuitive example is the motion 
along the earth starting with a vector v⃑  at the north pole.  When v⃑  is moved southward 
from the top of the North Pole to the equator, then moved eastward along the equator and 
then northward back to the north pole, the vector angle of the endpoint differs from that of 
the starting point. 
 
The motion can be mathematically described through the following derivations.  
The path taken by this pendulum with the ending point at the same place as the starting 
point will be referred to as a circuit which is parameterized by a variable t (or time) and 
the area enclosed by this circuit will be referred to as a manifold.  An orthonormal unit 
vector basis of (e1, e2, n) is selected where e1 is the orientation of the plane of oscillation, 
n is the unit vector normal to the manifold and e2 is n×e1.  For simplicity, this plane of 
oscillation can be represented by the complex unit vector  where 
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 ϕ =
e1 + ie2
√2
 2.8 
 
and through the constraints of parallel transport as well as the vector remaining normal to 
the surface the entire time for the duration of the path traveled, we can conclude that 
 
 
d𝐞1,2
dt
= −(𝐞1,2 ∙
d𝑛
dt
) 2.9 
 
It then follows that 
 
 ϕ
∗ ∙ ϕ = 1, ϕ∗ ∙
dϕ
dt
= 0 2.10 
 
Equation 2.9 and 2.10 mathematically represent the 3 constraints of parallel transport 
mentioned earlier.  We define another orthonormal unit vector basis which is the local 
frame of the rotated vector that has traveled its path with 
 
 u(r) =
f(r)1 + if(r)2
√2
, u∗ ⋅ u = 1 2.11 
 
and the relation to the original  
 
 ϕ = eiΘ(t)u(r) 2.12 
 
where theta is the angle between the e1 e2 frame and the final frame.  To obtain the 
anholonomy angle , the formula can be substituted into the previous equation 
 
 
0 = ϕ∗ ∙
dϕ
dt
= −i
dθ
dt
u∗ ⋅ u + u∗ ⋅
du
dt
, 0 = −i
dθ
dt
+ u∗ ⋅
du
dt
 
dθ
dt
= Im (u∗ ⋅
du
dt
) 
2.13 
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Thus  
 
 θ = Im(∫ u ∙
du
dt
T
0
dt) , θ = Im(∮u ⋅ du
 
C
) 2.14 
 
where C is the represents the path taken.  We define a vector field A(R) resulting in 
 
 θ = ∮A(r) ∙ dr , A(r) = (u(r)
∂u(r)
∂r
) 2.15 
 
Where r is any generalized coordinate of the complete circuit since the anholonomy angle 
 is gauge invariant.  Stokes theorem can be applied to this vector potential with the 
manifold defined by the area enclosed by the circuit.  This yields 
 
 θ = ∯∇ × A(r)ds 2.16 
 
The physical meaning of ×A is the Gaussian curvature of a manifold.  In the example 
of a swinging pendulum traversing the surface of a sphere (Earth), ×A in the above 
equation is 1/r
2
 and ds is replaced by spherical coordinates r
2
sin()dd.  From the 
surface integral it can be realized that the anholonomy angle is equal to the solid angle of 
the traversed swinging pendulum for the case of a spherical manifold (Earth). 
 
2.2.c.) Berry Phase 
 
The previous example demonstrated the phase angle acquired by a vector 
undergoing parallel transport along a manifold that is a surface of a sphere.  The concept 
of the anholonomous transport can be applied in quantum mechanical systems, with 
parameters (R1,R2,…) where R is a vector in parameter space[31].   
 
Starting with the Schrödinger equation 
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 H(R)|n(R)〉 = E(R)|n(R)〉 2.17 
 
With additional constraints that during the transition in the abstract space, the system does 
not shift into a higher energy (n) states which is the equivalent of the parallel transport 
constraint seen in the previous mechanical example.  The final state ends at the initial 
state defined by a circuit  
 
 C = R(t → T) = R(0) 2.18 
 
This gives rise to the question of the quantum mechanical equivalent of the ending state 
phase after a completion of a circuit. 
 
 |ψ(t)〉 = e
−i
ℏ ∫ E(r
(t′))dt′
t
0 |ϕ(t)〉 2.19 
 
Starting with the general time dependent wave equation and applying it to the time 
dependent Schrödinger equation further yields 
 
 iℏ
∂
∂t
|ψ(t)〉 = H(t)|ψ(t)〉 2.20 
 
projecting onto 〈ψ(t)| yields 
 
 〈ψ(t)| (H(t) − iℏ
∂
∂t
〉) |ψ(t)〉 = 0,     ⟨ϕ(t)|
∂
∂t
ϕ(t)⟩ = 0 2.21 
 
where 
 
 〈ψ(t)|H(t)|ψ(t)〉 = E(t) 2.22 
 
It is evident that the wave function is constrained to a quantum mechanical equivalent of 
the parallel transport in the adiabatic regime.  We can define an eigenstate n(R) with a 
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relation  
 
 |ϕ(t)〉 = eiΘ(t)|n(R)〉 2.23 
 
to the initial state.  From the previous geometric equation it can be seen that 
 
 
∂θ(t)
∂t
= i ⟨n(R)|
∂n(R)
∂t
⟩ = Im(n(R)|
∂
∂t
n(R)〉) 2.24 
 
which results in a similar line integral 
 
 θ(t) = Im (∮A(R) ∙ dR) , A(R) = ⟨n(R)| ∂ ∂R⁄ |n(R)⟩ 2.25 
 
By applying Stoke’s theorem once again we can acquire an expression given by 
 
 θ(t) = Im(∯B(R) ∙ ds) , B(R) = ∇ × A(R) 2.26 
 
where B(R) is usually referred to as the Berry Curvature.  Finally this can be applied to 
the Bohm-Aharonov effect[32]t in k-space, where it can be seen that the anomalous Hall 
conductivity is given by 
 
 σHall =
e2
(2π)2ℏ
∯B(k) ∙ d2k ,
e2
ℏ
〈B〉 2.27 
 
and that the Berry curvature translates to an effective field in k-space.  In a metal, the 
equal population of opposite spins results in a 0 value for the average value of the Berry 
curvature 〈B〉 for all k space, however in a the case of a ferromagnetic material, the spin 
has a net polarization results in symmetry breaking and a finite average value in the Berry 
curvature 〈B〉[33].   
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2.2.d.) Characteristics of the anomalous Hall effect  
 
The anomalous Hall effect results in the electrical current acquiring a transverse 
velocity that can be measured as a transverse voltage.  The strength of this transverse 
velocity is proportional to the ẑ component of the magnetization with no x̂  or ŷ 
dependence.  The benefits of the measurement by the anomalous Hall effect is the 
electrical quantitative measurement of the magnetization angle through the relation 
VAHE = IRAHE cos θ and the precise magnetization tilting angles that can be determined 
through this method.  Other means such as optical or magnetic force microscopy have 
difficulties in theses.  The anomalous Hall resistance is not dependent on ferromagnetic 
sample size which allows for the ease of downscaling device size for increased efficiency, 
and the difficulties that occur with downscaling Hall devices is exclusively limited to the 
coherency of magnetization (a problem that perpendicularly magnetized materials avoid).  
A disadvantage of the anomalous Hall effect is its limitation to measuring the average 
magnetization within the region of the probe and current.  Thus measurement of domain 
motion typically requires the fabrication of multiple Hall electrode leads which can lead 
to difficulties and complications in the device setup.  Optical means by magneto Kerr 
optical effect (MOKE) measurements avoid this problem by its capability to “map out” 
magnetization regions externally (within the diffraction limits of the light).  For the 
concerns of implementation in MRAM and sensor device applications, the advantages of 
devices based on the anomalous Hall effect exceeds those of optical or probing means. 
 
2.3.) Current induced magnetization rotation 
 
2.3.a.) Angular momentum exchange, Slonczewski torque 
 
Spin polarized electrons are associated with a change in angular 
momentum[8][9][34] which generates a response from the other spins as it enters within 
its vicinity.  On a larger scale, a spin polarized current applied into a ferromagnetic layer 
can alter magnetization through the same angular momentum exchange mechanism on a 
larger scale.  The importance of this phenomenon lies in the ability to alter 
magnetization states without the use of magnetic fields.  This model was  
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Fig. 2.9 Angular momentum transfer:  A spin current is associated with an angular momentum change 
which affects other spins within its vicinity.  The spin torque transfer configuration applies this method 
of magnetization reversal by exerting a spin polarized current from a fixed magnetic layer into a free 
magnetic layer.  
first proposed by Slonczewski[8] where the spin dependent WKB approximation was 
applied to formulate the dynamics of spin transfer. 
 
The proposed device consisted of a magnetic film structure consisting of two 
ferromagnetic layers separated by a non magnetic (NM) or paramagnetic (PM) layer.  
The region of interest starts at the center of the separating PM and to the outer FM layer.  
In this particular configuration, a current becomes spin polarized by the left fixed FM 
layer which then results in the exertion of a spin polarized current into the other free FM 
layer (Fig. 2.9).  PM layers are sufficiently thick enough to isolate the magnetic domains 
between the two FM layers though not too thick resulting in the loss of spin coherence; 
typically on the order of a few nm.  The tri-layer film is homogeneous in the planar 
directions and the model of the electrical current phenomena can be treated as a 1-D 
quantum mechanical system within the confines of the WKB approximation.  The wave 
vector for minority spins and majority spins k- and k+ can be described by the relation   
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 𝑘± = √E − kP
2 − V± 2.28 
 
Where kP is the wave vector in the z direction and V is the potential for each respective 
minority and majority spin carrier.  The wave equation for both majority and minority 
carriers as well as the WKB approximation equation for the this system can be described 
as  
 
ψ(𝑙) = (ψ+, ψ−) 
ψ(𝑙) = 1
√𝑘+(𝑙)
⁄ exp (i∫ k+(𝑙
′)𝑑𝑙′
𝑙
0
) cos(θ 2⁄ ) , 
1
√𝑘−(𝑙)
⁄ exp(i∫ k−(𝑙′)𝑑𝑙′
𝑙
0
) sin(θ 2⁄ ) 
2.29 
 
From this wave equation the rightward quantum mechanical majority spin particle flux 
can be formulated as 
 
 
Φ+Z(𝑙) = Im (ψ+
∗
dψ+
d𝑙
± ψ−
∗
dψ−
d𝑙
) 
Φ+ = ΦX+iΦY = i (
dψ+
∗
d𝑙
ψ− − ψ+
∗
dψ−
d𝑙
) 
2.30 
 
Using the wave function ψ from equation 2 yields. 
 
 Φ+ = exp (i∫ k−(𝑙
′) − k+(𝑙
′)𝑑𝑙′
𝑙
0
) sin θ 2.31 
 
Taking into consideration of the conservation of angular momentum for the spin electrons 
entering the region, we assume S2 to be equal to the sum of all the inward fluxes. 
 
 
ΔS2,X + iΔS2,Y = (Φ+(0) − Φ+(∞)) 2⁄  
=
1
2
(1 − exp (i∫ k−(𝑙
′) − k+(𝑙
′)𝑑𝑙′
𝑙
0
)) sinΘ 
2.32 
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Which averages to (sin(),0,0) in units of ℏ/2.  The physical meaning of this is that the 
change in the angular momentum vector for an incident spin carrier on the magnetization 
is equal to the x component of the angle difference between the two.  More simply it can 
be expressed as. 
 
 ΔS =
ℏ
2
(?̂? × (?̂? × ?̂?)) 2.33 
 
Then the change in angular momentum per electron on the magnetic volume of FM2 is 
 
 ΔMV = γ
ℏ
2
(?̂? × (𝜎 × ?̂?)) 2.34 
 
where M is the magnetization of FM2, V is the volume and  is the gyromagnetic ratio.  
Multiplying Eq. 2.34 with the spin carrier current results in the torque in the system given 
by 
 
 τ =
dM
dt
=
γℏI
2e
(?̂? × (?̂? × ?̂?)) 2.35 
 
From Eq. 2.35 it can be seen that the torque vector exerted on the magnetization is 
oriented along with the spin vector and the rotation motion of the magnetization can be 
established to be helical to the spin vector. The same dynamics have also been applied to 
explain the domain wall motion of the current induced domain wall motion for 
magnetization reversal in magnetic wire materials.  Electrical current have been 
observed to move domain walls through similar torque dynamics exhibited in multilayer 
structures usually referred to as the adiabatic torque term which largely explains the effect 
on the magnetization by a spin current. 
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Fig 2.10 spin current.  The diagrams explain the connection between spin and charge current.  A net 
velocity in electrons without any polarized spin orientation only contains an electrical current.  For 
electrons with a net electron velocity and a spin orientation, there exists a spin and electrical current.  A 
spin current can exist for opposite spins with opposite velocities yielding 0 electrical current. 
2.3.b.) Spin Hall effect 
 
 As shown in the previous section, the presence of a spin current generates a 
Slonczewski-like torque described by Eq. 2.35.  In contrast to the spin polarized current 
by a FM layer described in the previous section an alternative method of a spin current is 
through a discriminatory a scattering process, categorized as SOI, that occurs in heavy 
metal layers known as the spin Hall effect[35][36][37]. Similar to the case of the 
anomalous Hall effect, conduction electrons exhibit a Berry phase-like effective field 
which adds a transverse velocity component on the electrons based on their spin.  In the 
case of the anomalous Hall effect in FM materials, the exchange coupling between the 
conduction and magnetization electrons results in a non equilibrium spin polarization and 
the imbalance in this spin population results in an transverse velocity component that can 
be measured as a voltage potential difference.  In the case of the spin Hall effect, no net 
spin polarization exists due to 0 magnetization so the charge velocities for all directions 
are equally populated and no net voltage exists in the transverse direction can be 
measureable.  However though, a spin current will still exist since electrons still scatter  
Ie  0 
IS = 0 
Ie  0 
IS  0 
Ie = 0 
IS  0 
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Fig 2.11 Spin Hall effect.  Electrons scatter off the radial electric field of heavy metal atoms resulting 
in a helical spin orientation around the heavy metal atom. 
transversely depending on their spin orientations (Fig 2.10).  While the spin current from 
the HM layer cannot be measured electrically, the effect on the magnetization by this spin 
current can be measured.  The scattering can be roughly imagined as a radial electric 
field from the heavy metal atom and the spin orbit coupling with the electron’s velocity as 
it approaches the atom which results in a helical scattering orientation with the curl 
normal to the velocity vector (Fig 2.11). 
 
 Several origins of the spin Hall effect have been formulated which can be 
categorized as intrinsic[15][38][39] or extrinsic[40].  Extrinsic spin Hall effect (and 
anomalous Hall effect) relates to the contribution of spin dependent scattering due to 
impurity atoms which has been demonstrated in HM doped semiconductors and HM 
doped Cu films.  In HM/FM/Ox trilayer films such as Pt/Co/AlO, the spin Hall effect 
originates entirely from the Pt layer alone which is absent of any impurity atoms on any 
significant scale.  Due to the homogeneity of the film material and structure, all spin 
Hall effects in these experiments can be categorized under intrinsic, where the spin 
scattering occurs due to the inherent electronic structure of the material as a whole.  
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Typically, materials capable of exhibiting the intrinsic spin Hall effect are heavy metals 
such as Ta[39], Bi[41], and Pt as used in this experiment. 
 
 Applying a current in plane to the film results in a vertical spin current that 
exerts a torque onto the FM layer directly above.  The spin current density and the 
current density is characterized by a value known as the spin Hall angle where[39]  
 
 
θSHE =
JS
Je
 2.36 
 
Js and Je are the spin and electrical current densities respectively.  The area for each 
respective current densities is determined through the region where it traverses.  For the 
current density, this is equal to the film cross sectional area and for the spin current 
density the area is given by the interface area between the HM and the FM layer.  We 
can then make some adjustments to the torque like Eq. 2.35 to include the coefficients 
from the spin Hall effect to yield. 
 
 
τ =
dM
dt
=
γℏIS
2e
(?̂? × (?̂? × ?̂?)) 2.37 
 
where A is the area of the FM and HM interface.  To put it more generally we can 
express this as a torque per magnetic moment and dividing it by the (saturation) 
magnetization MS and volume 𝑉 to can yield 
 
 
τ =
dM
dt
=
γℏAJS
2eMSV
(?̂? × (?̂? × ?̂?)) =
ℏJS
2eMSh
(?̂? × (?̂? × ?̂?)) 2.38  
 
where h is the thickness of the FM layer.  JS can be calculated from the spin Hall angle 
Eq. 2.42 which is a material constant. [39] 
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Fig 2.12 Rashba Effect.  An electron couples with a rest frame effective magnetic field when traveling 
through an electric field.  The electron spin couples with this effective magnetic field. 
2.3.c.) Rashba Effect and exchange coupling 
 
 An electron traveling through an electric field undergoes SOI via a rest frame 
effective magnetic field perpendicular to the velocity vector and the electric field (Fig. 
2.12).  A similar phenomena occurs inside solids with electric fields originating from 
atomic cores.  The Rashba effect is one form of the enhanced spin orbit coupling of the 
conduction electron in the presence of an electric field due to the material properties.  In 
the simplest case of the Rashba effect, the dissimilar interfaces of a layered structure 
results in a change in the potential structure of the material and a finite electric field in the 
layer.  A second type of spin orbit coupling inducing electric field is the Dresselhaus SOI 
where the electric field originates from the compound crystal structure.  In HM/FM 
structures Rashba only contributes to spin orbit coupling since heterogeneity only exists 
between layers and each layer is homogeneous; this concept is known as structural 
inversion asymmetry (SIA).  The Rashba effect has largely been ignored in metals until 
recently due to the degrading effects of charge screening of high carrier concentrations.  
Using classical Boltzmann statistics, the electric field screening length is estimated to be 
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0.08 nm for energies ranging 5 eV and greater[42].  Previously most work has 
demonstrated the Rashba effect in semiconductors due to lower carrier concentrations.  
More recently however, the influence of quantum well states as well as the inaccuracy of 
the free electron model for thin metallic layer thicknesses ranging one or two atomic 
layers have demonstrated spin orbit coupling effects that can be largely attributed to the 
Rashba effect.  The effects of the Rashba effect can be ascertained as an effective field 
component on the magnetization that also takes into account the presence of the large 
exchange interaction coupling[43]. 
 
The interaction between the conduction electron and the magnetization is 
referred to as the field effect which is derived from the exchange interaction with 
conduction electrons undergoing spin orbit interaction[16][42].  Electrons traveling in an 
electric field exhibit a rest frame magnetic field which couples with the electron spin.  
The rest frame magnetic field is the vector product of the electric field and the electron 
momentum.  The relativistic spin orbit parameter is usually described by the 
Hamiltonian 
 
 ℋ =
p̂2
2m
− JexM̂ ∙ σ̂ +
ℏ
2mc2
(∇V × p̂) ∙ σ̂ 2.39 
 
where V represents the electrical potential in the system.  In the simplest case, the 
potential gradient is oriented vertically against the film layer interfaces which is coined 
by the term structural inversion asymmetry (SIA) which is commonly known as the 
Rashba effect.  The above equation can then be amended to form 
 
 
ℋ =
p̂2
2m
− Jexm̂ ∙ σ̂ +
α
ℏ
(ẑ × p) ∙ σ̂ 2.40 
 
where α represents a material intrinsic spin orbit parameter that also encompasses the 
potential gradient in a particular solid as well.   
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Placing the spin density equation into the the Landau Lifschitz Gilbert equation (LLG) we 
can find that 
 
 τ = −γμm × H + Jexρm × m̂ 2.41 
 
where M represents the magnetization Jex is the exchange interaction and ρm represents 
the spin density which can be determined from the Hamiltonian using the Boltzmann 
equations to yield 
 
 
ρm = −
αme
ℏe
je
EF
ŷ 2.42 
 
The resulting field from the torque is then  
 
 τ = m × Hsd 2.43 
 Hsd = 2Jex
αme
ℏe
je
EF
(ẑ × ĵe) 2.44 
 
Where me  is the electron mass and Hsd is the effective magnetic field on the 
magnetization due to the exchange interaction of spin coupled electrons, thus providing 
the connection via an exchange mediated effective magnetic field between the spin 
current and the local magnetization[13]. 
 
2.3.d.) Torque symmetry, and the effect on the magnetization in Pt/Co 
 
 An exact first principles calculation of the contributions of spin Hall effect and 
the Rashba effect is difficult to formulate as the intrinsic material constants (Rashba 
parameter, spin Hall angle) range as much as 2 orders of magnitude in reported 
literature[15][14][13].  However a phenomenological method of observing the effect on 
the magnetization exists which can be measured as torques of opposite and distinct 
symmetry on the magnetization[16][44] (Fig 2.13) and with distinct origins as well (Fig 
2.14).  The Rashba originates from the dissimilar interface while spin Hall effect  
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Fig. 2.13 Symmetry and axial vectors.  Vectors or polar vectors undergo a sign change with inversion 
asymmetry.  Polar vectors such as velocity and distance are negative in their mirror image.  
Pseudovectors or axial vectors such as angular momentum or magnetic field do have opposite signs for 
their mirror images which is distinct by their vector product operation.  A similar symmetry breaking 
field and torque also can be applied towards spin orbit interaction and magnetization. 
originates from the bulk layer.  Measurements of the Rashba field like component and 
the spin Hall torque like component involve electrical currents applied in plane to the film.  
Films are typically shaped into micrometer to nanometer scale sized wires and or dots 
with the current applied in one direction and the magnetization measured in the 
perpendicular direction via anomalous Hall effect.  All following equations use the 
directional convention that the film stack and magnetic anisotropy are in the ẑ direction 
and the current direction is in the x̂ direction.  In addition, from both the Rashba effect 
and the spin Hall effect, the spin polarity is oriented in the ŷ direction.  From the torque 
equations due to the Slonczewski torque by spin Hall effect (Eq. 2.38) and the torque 
from the Rashba effect (Eq. 2.41) we have 
 
 τRashba = −Jex
αme
ℏe
je
EF
ŷ × m̂, τSHE =
ℏJS
2eMSh
(?̂? × (?̂? × ?̂?))  2.45 
 
where we have substituted spin unit vectors with ?̂? to correspond to the spin polarization 
direction in this particular HM/FM system and ẑ with m̂ when the magnetization is in  
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2.14 Rashba and SHE predicted models.  Two fields of orthogonal direction are 
predicted from the SHE and the Rashba effect.  The origins are distinct as well in that 
SHE originates from the bulk Pt layer while Rashba is interfacial in nature. 
equilibrium.  The parameters of importance are the unit vector products indicating the 
orientation of the torque and it can also be seen that both torques are linearly proportional 
to the current as well.  All other parameters are simply constants so Eqs. 2.45 can be 
rewritten as  
 
 τodd ∝ I(ŷ × m̂), τeven ∝ I(?̂? × (?̂? × ?̂?))  2.45 
 
where I is the current in the sample[16].  The odd and even nomenclature is established 
based on the vector product order.  Torque even containing a two vector products 
exhibits a different symmetry than the odd torque which only contains a single vector 
product.  It can be seen that the τodd vector is in the x̂ direction and switches polarity 
along with the magnetization polarity switch.  The τeven exhibits the opposite behavior 
where the torque vector remains constant with a magnetization switch.  In a more 
general sense, the torque exerted on the magnetization can be expressed as an effective 
field through the relation 
+ spin current 
- spin current 
Spin induced effective 
field 
SIA electric field 
Rashba field 
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Fig 2.15 Field like and torque like terms.  Two torques of distinct symmetry can be observed on the 
magnetization as a result of spin orbit interaction.  One torque correlating to the exchange interaction 
and Rashba field switches orientation with magnetization while the field vector is constant.  In the 
Slonczewski torque model, the torque vector remains constant and the field switches orientation with 
magnetization. 
 
 τ = m × H 2.46 
 
From Eq 2.45, 2.46 and which we find that the effective field from τeven is oriented in 
the x direction which is referred to as the longitudinal field HL which switches polarity 
along with the magnetization switch as well.  The second field results from τodd which 
is referred to as the transverse field HT.  The orientation of the transverse field remains 
constant even when the magnetization orientation is switched.  Effective fields strengths 
allow for the current induced spin orbit interaction to be accurately measured in the 
presence of other applied fields through vector addition methods. 
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Chapter 3 
Magnetic Film deposition 
properties and device fabrication 
 
 
 
 
In this chapter, the deposition principles, the layer thickness dependence on the 
magnetic properties of Pt/Co/AlO and the fabricating the Hall device from the film will be 
covered.  The first focus will be to investigate the mechanics of RF magnetron sputtering 
and ALD which are used for the deposition of magnetic films.  The thickness dependence 
on the PMA for each individual layer in Pt/Co/AlO will also be investigated to establish 
suitable dimensions ranges of each individual layer where PMA is still preserved.  The 
fabrication process of films into Hall devices is then discussed. 
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3.1.) Magnetic Film deposition 
 
Deposition involves the formation of the FM material onto the substrates 
relevant to the SOI experiments.  Films are created through the ejection of atoms from a 
target material and the collection of the atoms on a substrate.  The atomic flux of the 
atoms on the substrate is assumed to be isotropic so that films are deposited with planar 
material uniformity along the surface of the substrate.  The deposition of materials can 
be a physical process such as the case in RF magnetron sputtering and electron beam 
evaporation or chemical in nature as used in atomic layer deposition.  Each of the three 
deposition methods have unique deposition properties which are unique to individual 
materials and components in the entire device. 
 
3.1.a.) RF magnetron Sputtering, basics and operating principle. 
 
Sputtering operates on the principle of bombarding a metal target with Ar ions 
accelerated by the electric field created between the metal target (cathode) and an outer 
shell (anode).  The first simplest case is the DC sputtering where a circular metal target 
disk cathode is placed concentric and coaxial to a metal shell anode and a constant 
potential difference is applied between the two (Fig 3.1).  Depending on various 
parameters, such as the space between the shell and the target, the applied voltage, the 
argon gas pressure, applying a sufficiently strong potential difference will cause the argon 
between the anode and cathode to ionize.  The electron is collected by the anode while 
the Ar+ ion is accelerated towards the metal target cathode.  When the argon strikes the 
metal target, a metal atom is ejected (Fig. 3.1).  The rate of metal atom ejection 
(deposition rate) can be controlled through the power V × I of the DC source.  The DC 
magnetron works well for the sputtering of metals and conductive materials since a 
sustained current through this anode and cathode is required for the ongoing deposition.  
Difficulty arises when attempting to sputter non conducting materials such as oxides since 
insulating materials will inhibit a current flow between the anode and cathode, however 
this can be overcome through the use of an AC current.  The impedance of an insulating 
material is AC frequency dependent and can be lowered by increasing the AC current 
frequency which has been selected to be 13.57 MHz corresponding to the radio frequency  
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Fig 3.1 Sputtering mechanisms.  In the DC and RF sputtering configurations, a potential difference is 
applied between the target disk and the outer shell.  This results in the Ar gas ionizing and accelerated 
towards the target material.  Upon striking the material, atoms are ejected.  In an RF sputtering 
configuration, an AC current and a DC bias is applied simultaneously to reduce the impedance of the 
target material. 
range.  With an AC source assisting the ionization of the gas and a DC bias at the target 
causing the Ar ion acceleration, current can be sustained through the anode and cathode 
despite being separated with an insulating target.  RF sputtering offers flexibility in the 
types of materials that can be deposited though RF systems tend to be more complicated 
as additional components are required such as impedance matchers to minimize the 
reflected power.  The simplicity low component costs of DC sputtering systems allows it 
remain widely implemented in situations where metals are exclusively sputtered. 
 
An additional improvement can be made to DC and RF sputtering systems to 
increase the efficiency of the sputtered atoms for a given power through the use of a 
magnetron.  In a DC and RF sputtering system, the Ar ion tends to strike the target and 
eject a single atom before being lost into the chamber.  With the addition of a magnetron, 
a magnetic field is created perpendicular to the surface of the target material.  This 
forces the Ar ions into a cyclotron motion when colliding with the target material 
allowing more than one atomic ejection per accelerated Ar ion and consequently more 
efficient sputtering.  The cyclotron motion of the Ar ions striking the target tends to 
cause an uneven wear resulting in a racetrack profile wear as opposed to uniformly  
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Fig 3.2 Sputtering machine.  A magnet is placed behind the target material to force the Ar ions into a 
cyclotron motion.  This results in a higher deposition efficiency since Ar ions can strike the target 
multiple times.  Ejected material kinetic energy can be controlled by Ar gas pressure as well as the RF 
magnetron power allowing for a wide range of deposition conditions. 
affecting the entire surface of the target.  In most cases, the target will have to be 
replaced before the entire target has been used although the benefits of magnetron 
sputtering usually outweigh this shortcoming. 
 
The greatest benefit to RF magnetron sputtering is the ability to deposit atoms 
with high kinetic energy.  At the surface, the kinetic energy of the metal atoms are being 
ejected can potentially be equivalent to evaporating metal at tens of thousands K without 
heating to such high temperatures.  Atoms, deposited with a high kinetic energy, achieve 
a strong surface mobility allowing for densely packed metal films of high uniformity and 
quality.  In cases where high kinetic energy is not needed, the deposition profile can be 
changed simply through adjusting the RF or DC power as well as other parameters 
offering greater flexibility in deposition conditions in contrast to systems like molecular 
beam epitaxy (MBE) which can only control parameters such as material evaporating 
temperature. 
 
Exact machine settings and the associated film results vary considerably machine 
to machine though generally certain parameters are consistently linked to particular 
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outcomes.  Parameters that are usually user controllable and not fixed to the machine are 
Ar pressure and RF magnetron power.  Typical Ar pressures for sputtering range from 
the order of 1 Pa to 0. 1 Pa resulting in mean free paths anywhere from as low as 1 mm to 
10 cm which is comparable to the distances between the target and the substrate for most 
setups.  In the event that lower kinetic energy atomic deposition is desired, the pressure 
can be increased to allow ejected atoms to collide more frequently with background gas 
molecules and lose kinetic energy[45].  The kinetic energy of the ejected atoms can also 
be controlled through the RF and DC power.  An increased voltage between the anode 
and cathode results in the greater acceleration of Ar ions towards the target.  Another 
parameter not associated with the kinetic energy of deposited atoms, though still having 
an effect on the outcome of the film, is the substrate temperature.  Increasing the 
temperature of the substrate allows a higher surface mobility of incoming atoms 
sometimes resulting in an improved crystal structure.  While surface mobility can be 
increased through with the kinetic energy of the deposited atoms, there are certain 
instances where increasing kinetic energy of atoms will result in diffusion with other 
materials which is detrimental in depositing multilayer heterostructures.  In addition, the 
formation of loose packed crystal structures is not electrostatically stable (such as FCC 
100 Pt on MgO substrates) which places significant limitations of the deposition 
conditions.  Depositing atoms with high kinetic energy results in dense packed structures 
through its high surface mobility and while lower the kinetic energy can allow the 
formation of loose packed crystal structures, low surface mobility tends to leave holes and 
dislocations within the film structure which is also detrimental.  In these special cases, 
heat treatment offers additional options to fill these disadvantages.[45] 
 
High atomic mobility and kinetic energy by RF magnetron sputtering 
Machine settings: High RF power, low Ar pressure, Short target substrate 
distance, high substrate temperature 
Benefits: Densely packed films can be made through this method.  Very fast 
and efficient deposition rates also permit the formation of reasonably 
thick near single crystal structures of metal films.  Alloyed films co 
sputtered can form very high uniformity.  Shaped anisotropic atomic 
deposition prevents waste of material onto chamber walls. 
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Disadvantages: In multilayer or hetero structures, dangers of interlayer mixing is 
apparent.  RF power must be carefully controlled to prevent damage 
to films by bombardment of high kinetic energy atoms. 
 
Low atomic mobility and kinetic energy by RF magnetron sputtering 
Machine settings: Low RF power, high Ar pressure, long target substrate 
distance, low substrate temperature 
Benefits: Formation of stoichiometrically and energetically unfavored crystal 
structures on certain substrates such as FCC 100 on MgO 100 
substrates.  Prevention of damage or interlayer mixing is possible. 
Disadvantages: Requires low power and deposition rates are affected.  Increasing gas 
pressure and distance between target and substrate results in isotropic 
travel of ejected atoms and material can be wasted on chamber walls. 
 
3.1.b.) Atomic layer deposition 
 
Atomic layer deposition (ALD) differs from the physical deposition methods 
used in MBE, and RF magnetron sputtering in that layers are formed through chemical 
reactions of precursor gasses instead of being ejected from a source material.  In ALD, a 
substrate is placed in a vacuum chamber pumped down to 1~10 Pa and a precursor gas is 
injected into the chamber where it vaporizes and condenses on all surfaces of the chamber 
interior including the substrate.  Remaining amounts of the first precursor gas are 
evacuated and a second cursor gas is injected to react chemically with the condensed 
precursor gas forming a layer before being pumped out again.  The alternating sequence 
of injecting gasses is repeated until the desired number of layers is formed.  The 
substrate temperature is raised (within physical limitations of the substrate) to aid the 
dense packing of the film deposition.  Another adjustable parameter is the gas injection 
mass, backing pressure of the N2, and the gas injection time, though these are not 
expected to be directly related to the outcome of the film structure. 
 
The condensation of the gas among the surfaces allows the deposition of 
materials into areas outside of the “line of sight” since gases are free to traverse and  
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Fig 3.3 Atomic layer deposition.  A sample is placed into a chamber and reactive gases are injected into 
the chamber alternatively.  The alternating chemical reaction sequences results in layer by layer 
deposition.  This method of deposition allows for the soft, low kinetic energy of layer formation which 
is useful in certain cases.  In addition, the deposition occurs on all surfaces exposed to the chamber 
atmosphere, in contrast where sputtering only occurs in the line of sight. 
condense on any surface exposed in the interior of the chamber.  In contrast, physical 
deposition methods such as RF sputtering, MBE and can only deposit materials that are in 
the line of sight of the target material.  In addition, the condensation of reactive gasses 
on the surfaces of the substrate does not involve the deposition of atoms with high kinetic 
energy which is important in situations where damage can occur to films by bombarding 
atoms with high kinetic energy.  Due to the process of injecting one gas, purging the 
chamber and injecting the second gas for the formation of a single atomic layer, ALD is 
the slowest method of layer deposition and considerable amount of time is required for 
the formation of multiple layers. 
 
3.1.c.) Film deposition 
 
RF magnetron sputtering was used for the formation of Pt/Co/AlO (the FM 
material subject of the study) due to its capability of producing the highest quality films 
in terms of thickness consistency, planar homogeneity and impurity concentration.  The 
RF magnetron sputtering was manufactured by Eiko Engineering.  Targets used were 76 
mm in diameter with a typical thickness of 2 mm of ultra pure composition, all of which 
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were prepared by Japan Pure Chemical (日本高純度化学株式会社).  Co and AlO were 
deposited from a distance of 100 mm the surface of the target material to the sample 
holder at a normal angle while Pt was deposited at a distance of 150 mm at an angle of 45 
degrees.  The RF power and Ar pressure used for Pt was 80W (average flux of 
1.76W/cm
2
 on the target) and 0.15 Pa to ensure that Pt atoms are ejected with the 
sufficient kinetic energy and not hindered by too many Ar atoms in between its path.  
The deposition rate of this particular condition was 0.06 nm/s determined through the 
deposition time and the average thickness of a film measured by a step profiling machine.  
Co and AlO were deposited at 100W and 50W respectively at an Ar pressure of 0.2 Pa 
resulting in a deposition rate of 0.11 nm/s and 0.01 nm/s.  The substrate temperature was 
set to 200ºC to increase the surface mobility of the incoming atoms and ensure a uniform 
densely packed film.  The FCC (111) crystal structure is the maximized packing 
efficiency of the metal which is the preferred crystallographic orientation when Pt and Co 
are deposited on SiO2 and MgO (111) substrates, which is the expected crystallographic 
formation when depositing by high kinetic energy atoms via RF magnetron sputtering..  
The RF magnetron sputtering chamber is initially evacuated to 10
-7
 Pa before Ar is 
released into the chamber for sputtering.  G1 grade Ar of 99.9999% purity is used as a 
sputtering gas with the sputtering pressure set at 0.2 Pa, it can be seen that a base pressure 
of 10
-7
 Pa is well below the purity grade of the supplied gas ensuring that no 
contamination results from the base pressure. 
 
Atomic layer deposition (ALD) is used to deposit thick layers of AlO.  AlO 
systems were provided by Picosun with precursor chemicals provided by Japan Pure 
Chemical.  Precursor gasses selected for the formation of AlO layers were Trimethyl 
aluminum Al2(CH3)6 (TMA) and water vapor.  The ALD system consists of a heated 
vacuum chamber with a working pressure of approximately 1-10 Pa.  TMA and water 
are contained in a bottles connected to the chamber and separated by air pneumatic valves 
which injects each chemical simply with an open/close action.  Each bottle is backed by 
a constant N2 flow at 100 sccm.  The substrate temperature used for ALD was 
100-150C.   
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3.2.) Film structure, magnetization and layer thickness 
dependence 
 
3.2.a.) RHEED 
 
 Reflected High energetic electron diffraction (RHEED) is used to observe the 
crystal structure of the film near the surface.  The electron beam is emitted nearly in 
plane to the sample and the diffraction patterns of the crystallographic structure near the 
surface of the film can be achieved.  Emitted electrons typically have a kinetic energy of 
ten to several hundred eV allowing a De Broglie wavelength of 1 angstrom to 0.1 
angstroms determined by 
 
 
λ (nm) =
1.226
√E
 
 
 
The incident angle is selected to be very narrow so the diffraction and scattering occurs 
only on the immediate surface of the film sample.  Scattered electrons off neighboring 
atoms interfere constructively and destructively depending on the incident angle of the 
incoming electron which is determined through 
 
d sinϕ = nλ 
 
where d is the separation distance between the two atoms, ϕ is the diffraction angle, λ 
is the De Broglie wavelength of the electron and n is an integer, corresponding to the 
order of the interference (Fig 3.4). 
 
 The measurement setup for RHEED involves a filament/collimator for the 
emitted electron source, a rotating sample stage for the film, and a phosphorus screen 
where the trajectory of the electron can be collected and observed as visible light due to 
the screen’s photoluminescence.  Each sample is mounted so that the electron trajectory 
is nearly parallel to the sample surface and the sample stage is then rotated to search for 
interference streak patterns along other crystallographic planes.  The angles at which the  
53 
 
 
Fig 3.4 RHEED.  Electron “waves” scatter off the atoms resulting in an interference patterns at specific 
(small) angles given by d sinϕ = nλ.  In a 3 fold symmetry surface such as FCC (111), 12 
interference peaks can be observed at angles in multiples of 30 degrees, where in 2 fold symmetry 
systems, 8 can be observed at angles in multiples of 45. 
interference patterns are found at provides insight to the type of crystallographic surface  
that exists between each layer of film.  The RHEED measurements for the Pt/Co/AlO 
films are measured  in between the deposition of Co and AlO to observe the crystal 
structure between each layer. 
 
 In Fig. 3.5, interference streaks are shown for the Pt layer in the 110 and the 121 
direction.  FCC 121and FCC 110 interference streaks are found every 60 degrees of 
rotation with FCC 121 and FCC 110 streaks separated by 30 degrees.  The positions of 
the interference streaks indicate that the Pt surface resembles an FCC crystal structure 
with the 111 axis oriented vertically.  Due to the longer atomic distance of two atoms in 
the (121) direction, the streak distances appear to be closer, whereas in the (110) direction, 
the streak distances are greater.  The FCC 111 crystal structure maximizes the packing 
structure with the highest atomic density, which is expected when the Pt atoms are 
deposited with a high kinetic energy and retain a high surface mobility.  The next set of 
images show the RHEED streaks after 0.6 nm of Co has been deposited onto the Pt layer.  
The resulting interference patterns remain largely unchanged with the exception that the 
streak spacing becomes slightly wider, possibly due to the slight decrease in the lattice  
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Fig 3.5 RHEED images shown in between layer depositions.  The top graphs are the RHEED streaks 
for Pt in the <121> (left) and <111> (right) which show interference peaks indicating an FCC (111) 
surface.  The second row show the RHEED after the Co layer was deposited showing a strong 
similarity in the crystallinity.  The final set of images shows the AlO layer.  The loss of interference 
peaks shows that the layer is amorphous. 
spacing of Co.  Co also exists as an FCC (111) structure due to the angular location of  
the observed interference streaks.  Similarly, the streaks in the (121) direction are 
narrower than the streaks found in the (110) direction.  The deposition of AlO by RF 
magnetron sputtering results in the loss streak coherence.  For RHEED measurements 
made in the (121) and (110) direction, the imaging becomes largely blurred which it can 
be ascertained that AlO deposits amorphously through RF magnetron sputtering. 
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Fig 3.6 MOKE.  The polarization of light reflected off a magnetic materials is affected by the 
magnetization.  This provides a method of probing the magnetization by optical means, where the 
magnetization can be interpreted as a polarity rotation angle referred to as the Kerr rotation.  
3.2.b.) Magneto Kerr Optical effect 
 
Magneto Kerr Optical Effect (MOKE) is an optical method of measuring the 
magnetization of a material.  The magnetic field at the surface of a material can affect 
the polarization of an incoming light source as it reflects off the surface of the magnetic 
film and be represented as a polarity angle or Kerr rotation angle (Fig. 3.6).  The 
advantages of MOKE are a simple setup and the ability to measure magnetism non 
destructively.  Advanced MOKE systems allow for the rasterizing the light against the 
surface of a magnetic film to obtain a 2d surface magnetization profile (though this is not 
used in the present experiment).  The main disadvantage is that MOKE can only 
measure the relative magnetization.  Other factors that impinge on MOKE’s ability to 
accurately measure include the reflectivity, absorptive and smoothness properties of a 
particular material.  In the present experiment, sample are illuminated with a 562 nm 
green laser which is reflected into a photo modulator and the magnetization is measured 
as an applied out of plane magnetic field is swept through the sample. 
 
3.2.c.) Layer thickness dependence on Magnetization 
 
The magnetic hysteresis of Pt/Co/Pt,AlO films were examined before the 
fabrication into devices.  Pt/Co/AlO films of various thicknesses were deposited and 
then measured to investigate the dependence of magnetization on the layer thickness.  
Magnetic properties of Pt/Co/AlO films were measured by MOKE for layer thickness 
dependence as well as fabrication method.  The MOKE hysteresis graphs are shown  
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Fig 3.7 MOKE magnetization measurements with 0.6 nm Co and varying Pt thickness.  Perpendicular 
hysteresis is observed to improve with increasing Pt thickness. 
 
Fig 3.8 MOKE magnetization measurements with 5 nm Pt and varying Co thickness.  Perpendicular 
hysteresis is observed to decrease with increasing Co thickness. 
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for films of various Pt (Fig 3.7) and Co (Fig 3.8) thicknesses.  Increasing Pt from 2 nm 
to 5 nm in 1 nm increments shows a systematic improvement in the PMA as indicated by 
the increasing coercivity.  With prolonged Pt deposition, which is associated with greater 
Pt thickness, it is assumed that the Pt will form the energetically favored (111) FCC and 
sufficiently buffer any crystallographic mismatches that could affect a seeding layer for 
Co.  The improved crystallographic surface for seeding a Co layer on improves its 
magnetic properties as shown by the increased coercivity.  In Fig 3.8 is the hysteresis 
graphs of the Co thickness dependence on the magnetization.  The PMA is greatly 
affected by the Co thickness as well since the PMA is due to the interface and the 
asymmetric crystallographic structure.  With increasing thickness the demagnetization 
field causes the magnetization to tilt into the in-plane direction due to the geometry of the 
film and it is expected that PMA decreases with increasing Co thickness. 
 
The results of the PMA dependence on AlO thickness is somewhat more 
puzzling since as a passivation layer to prevent oxidation, AlO should have no direct 
affect on the magnetic properties.  The hysteresis graphs of the samples with AlO layers 
fabricated with RF magnetron sputtered with varying thicknesses show a decreasing PMA 
with increasing AlO capping layer thickness (Fig 3.9).  This can be attributed to the 
prolonged deposition of AlO atoms causing damage to the Co structure.  It can be seen 
from the RHEED images that the AlO deposits amorphously with no crystallographic 
orientation based on the loss of the diffraction streaks.  The amorphous deposition has a 
reduced surface mobility which results in diffusion into the vertical stack layer resulting 
in the damage to the Co layer and the subsequent loss in PMA.  The hysteresis graphs 
show that AlO with a 0.54 nm capping layer still exhibits desirable magnetic properties 
for experimentation, however that particular thickness is insufficient to prevent damage to 
the Co layers by oxidation through the following device fabrication properties.  The 
alternative method proposed to deposit the AlO passivation layer is through ALD.  The 
second set of hysteresis curves show the hysteresis of the Pt 3 nm / Co 0.6 nm / AlO 0.54 
nm and with various AlO layer thicknesses deposited on top through ALD (Fig 3.10).  In 
these hysteresis curves, there appears to be no loss in PMA in any of the samples 
regardless of thickness.  These results further emphasizes the cause of the loss of PMA 
in the previous deposition  method to be related to the diffusion by deposition of high  
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Fig 3.9 AlO thickness dependence on magnetization by RF sputter deposition on a Pt 3 nm / Co 0.6 nm 
sample.  Degredation to the PMA occurs with thicker AlO due to diffusion. 
 
Fig 3.10 AlO thickness dependence by ALD.  PMA is preserved for all thicknesses owing to the soft 
deposition method used in ALD. 
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kinetic energy atoms.  In atomic layer deposition, the AlO layers are formed through 
condensing gases onto the sample and chemically reacting it with a second gas to form a 
layer.  This deposition method does not involve the high kinetic energy atoms used in 
sputtering and thus allows the growth of AlO layers to arbitrary thicknesses.  The AlO in 
all Pt/Co/AlO films are deposited with 0.54 nm by sputtering, and an additional 2 nm of 
AlO are then formed onto the sample by ALD for increased passivation. 
 
3.3.) Hall bar device fabrication 
 
3.3.a.) Electron beam evaporation. 
 
Electron beam evaporation is a form of physical deposition involving the 
evaporation of a metal and its condensation on a substrate.  This is achieved through 
focusing a beam of electrons the emission of electrons from a filament onto a crucible 
containing the target material.  As the electrons come in contact with the metal their 
kinetic energy is exerted into the target material causing the metal to increase in 
temperature.  With a sufficient electron bombardment, the temperature of the material 
can become high enough to evaporate and condensing on any surface within the “line of 
sight” of the evaporating material.  The electron beam evaporator setup requires a 
vacuum chamber capable of at least 10
-3
 Pa, a filament for electron emission, permanent 
magnets for beam focusing and a crucible carrying the material set on a water cooled 
copper holder.  Typical voltages and currents for the filament range from one to tens of 
kilovolts with tens of milliamps to several amps.  Pressures must be less sufficiently low 
to prevent arcing since separation distances between filaments and electrically grounded 
“points” are separated by several millimeters.  A crystal ion gauge is used to measure the 
rate of deposition and accurately control the thickness.  In contrast to sputtering, several 
advantages of electron beam evaporation exist including  
 
A) Efficient transfer of thermal energy towards the material through electrons. 
B) EB evaporator’s simple design as compared to complex parts used in RF 
sputtering. 
C) high deposition rates are possible  
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Fig 3.11 Electron beam evaporation heats up the metal by bombarding it with high kinetic energy 
electrons.  Gold contact pads are deposited through this method. 
 
Several disadvantages exist which include 
 
A) Isotropic deposition which results in a significant material waste by deposition on 
the chamber walls.  (In sputtering the angle of deposition is controllable to a 
small extent.) 
B) Less control of the kinetic energy of evaporated atoms. 
 
Electron beam (EB) evaporator is used for the deposition of Au and Chromium wires and 
conductive extensions to the Hall bar structure.  The EB evaporator consists of flanges 
sealed by a rubber gasket so pressures of only 10
-4
 to 10
-5
 Pa are possible.  This vacuum 
level does not permit deposition free of contamination to the degree of RF sputtering, 
however for the deposition of conductive extensions and wires, this is not necessary.  
Typical deposition rates for chromium and gold are 0.2 nm/s for electron filament 
voltages and currents of 4kV and 0.02 to 0.04A.  Cr acts as an adhesive metallic layer 
since Au does not adhere to substrate surfaces easily.  Extension pads are typically on 
the order of 100 to 200 nm in thickness.   
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Fig 3.12 Photolithography.  A transparent mask embossed with Cr regions forming a pattern is held 
above the sample below.  As a light passes through the mask, the light pattern is exposed onto the 
sample below altering the chemical properties of illuminated regions.  The sample can then be 
developed to form the mask pattern. 
 
3.3.b.) Photolithography 
 
Photolithography is the process of creating resist patterns on top of films which 
serves as the primary method of shaping micro-sized devices.  Films are coated with a 
chemically known as “resists” which are chemically reactive resins that are light sensitive.  
By exposing UV light to the resist coated film sample through a chromium “mask,” 
certain regions of the resist can be chemically altered based on the shadows cast by the 
UV light through the mask.  Illuminated regions are chemically altered allowing for its 
removal through chemical developing while regions not illuminated will remain on the 
film during developing.  This results in a resist pattern adhered to the film sample which 
can be used for fabrication processes.  Regions covered by the resist are unaffected by 
fabrication processes such as etching, ablation, milling and chemical reactions while 
uncovered regions are affected.  Materials can also be exclusively deposited into 
uncovered regions as well.  Through multiple lithography and fabrication processes, 
complex device structures can be created. 
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Fig 3.13 Photolithography uses.  (Left) shows the Ar ioni milling and the chemical etching processes.  
Ar milling allows straight down removal of material where chemical etching results in undercutting 
profile.  In addition lithography can be used to deposit materials in selected regions shown on the right.  
The resist is removed with a solvent. 
 
Shipley S1813 positive tone resist was used for the fabrication of devices.  
Resist was applied to the surface of the film and then spin coated at 4000 rpm to achieve a 
thickness of 1 m throughout the sample.  After the spin coating, the sample is baked at 
110º C for the resist to achieve a good adhesion to the film. 
 
3.3.c.) Argon milling 
 
Argon milling works similarly to RF magnetron sputtering with the differences 
that there is no magnet to focus the Ar ions, and the Ar ions are accelerated towards the 
sample rather than the target material.  Ar ions striking the film sample can remove the 
atoms from the film resulting in the ablation of materials.  A film sample with a resist 
pattern will result in selective removal of film materials in areas uncovered by resist from 
which various shapes can then be formed.  Argon milling has the advantage of a highly 
anisotropy etching as the removal of material tends to be vertical with very little 
“undercutting” ability (Fig 3.13).  Disadvantages of Argon milling is the difficulty for 
selective material removal aside from the deposition rate variations from the Ar milling 
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power and pressure.  Typically Ar milling conditions are selected in a manner so that all 
materials down to the substrate are removed due to the difficulty of precisely controlling 
the etching depth of samples. 
 
3.3.d.) Wet Chemical etching 
 
 Wet chemical etching is the immersion of the film sample into a chemical to 
remove parts of the film.  Acids and bases are typically employed in this fashion for the 
selective removal of film material.  Regions of the film covered by resist are shielded 
from contact with the etching chemicals while empty regions devoid of resist will be 
affected.  Typically, oxides and certain metals can be very easily removed by acids while 
heavy noble metals such as Au and Pt are very resistant to the acid etching.  This allows 
for precise selective chemical removal of the multilayer film which is an advantage over 
the dry Ar ion etching.  A difference between the dry and wet etching is the isotropic 
removal of the material.  This places thickness limitations due to the possibility of 
damage to the sample by undercutting etching since the chemical can potentially seep 
underneath the resist, however for the etching of film layer thickness of up to several tens 
of nanometers, this effect is trivial. 
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Chapter 4 
Gate control of magnetic anisotropy 
energy.  
 
 
In this chapter, the dissipationless and reversible control of magnetic anisotropy energy is 
examined in a Pt/Co/AlO Hall bar structure with a fitted gate electrode on top. 
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4.1.) Background 
 
 The PMA of Pt/Co/AlO permits an “easy axis” of magnetization perpendicular to 
the film plane which results in all other magnetization orientations are energetically 
unfavorable.  Magnetization of Pt/Co/AlO oriented can be down into the plane, or up out 
of the plane can be interpreted as data.  Re-orienting the magnetization between the up 
and down states along this easy axis requires overcoming the energetic barrier of rotating 
the magnetization past the hard axis regions.  The work per volume performed in the 
magnetization rotation can be characterized by the MH curve which can be given by [46] 
 
 W = ∫MdH 4.1 
 
and the anisotropy energy is then equal to the difference in work performed in sweeping a 
field in the easy direction and the work performed with a field swept in the hard axis 
direction[18].  In magnetic storage applications, it is desirable to have a magnetic 
material with a strong magnetic stability as well a low energy consuming efficient 
magnetization switching[47].  A strong PMA energy allows for the robustness and 
stability of stored magnetization information without the data loss due to random 
magnetization switching by thermal fluctuations.  The drawback of switching the 
magnetization of strongly anisotropic magnetic materials is the increased work required 
to switch magnetization which results in poor device efficiency that ends up as lost heat.  
A weakly anisotropic magnetic material can have its magnetization switched with little 
energy but suffers the disadvantage of a weak retention time of magnetic information 
governed by the superparamagnetic limit equation[48]  
 
 τN = τ0e
(
KV
kBT
)
 4.2 
 
where τ0 is a material dependent time constant (~1 ns), K is the anisotropy energy, V is 
the volume of the magnet and T is the temperature.  The PMA energy which is a static  
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Fig 4.1  Film structure of the Pt/Co/AlO FM film and Au gate electrode separated by 
an AlO dielectric layer.  A current is applied along the FM layer while an electric field 
is created through an applied voltage on the Au layer. 
material property, cannot fulfill the mutually exlusive requirements for efficient and long 
lasting magnetic data devices.  Addressing this issue requires considerations and 
engineering beyond the magnetic properties of materials alone.   
 
A dissipationless method of controlling the magnetic properties can greatly 
alleviate the conflict between strong magnetism and switching efficiency.  A mechanical 
representation could be depicted by a compass needle and a clutch plate used to hold the 
needle in place.  If the clutch is pressed, the compass arrow requires significant energy 
to rotate by any external factors.  To switch the magnetization, the clutch plate can be 
effortlessly released, the compass needle rotated and the clutch plate re-applied again.  
In contrast, attempting to rotate the compass needle with the clutch plate applied would 
results in a significant amount of work which solely results in the wear of the component 
with no particular benefit.  An analogous question can be raised which is if there is a 
way to “weaken” a magnet temporarily while switching, and “strengthen” it for long term 
retention?  Magnetization and PMA is determined by the electronic structure of unpaired 
electrons and the spin orbit interaction[47][49].  It can then be deduced that any 
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modifications to the electronic structure will affect the associated magnetism.  One 
method of modifying the electronic structure is through induced electric fields via a gate 
electrode separated by an insulating barrier.  The exceptional thin FM layers used in 
Pt/Co/AlO films offer further benefits since electric field effects are difficult to achieve 
due to the short charge screening lengths. 
 
The FM layer and a gate electrode are separated by an insulating layer in a setup 
resembling a parallel plate capacitor (Fig 4.1).  The insulating layer thickness is assumed 
to be significantly thinner than the length and width of the parallel plates so that the 
electric field within the sample is uniform and unidirectional provided by[50] 
 
 E⃑ =
V
hdielectric
 4.3 
 
where E is the electric field and h is the thickness of the dielectric layer.  Of further 
interest is the charge surface density  that can be changed at the surface of each plates of 
the capacitor.  The modulated charge at the FM and electrode can then be determined to 
be  
 
 σA = CV, σ =
ϵV
d
 4.4 
 
where ϵ is the dielectric material dependent electrical permittivity.  The surface charge 
determines the number of electrons added or subtracted to the FM layer which may cause 
the pairing or unpairing of electrons allowing for a weaker or stronger magnetic 
anisotropy respectively. 
 
4.2.) Experiment 
 
 Pt/Co/AlO were deposited onto an oxidized silicon substrate through Ion Beam 
Sputtering (equipment provided by Takanashi laboratory) with thicknness dimensions of 
3 nm for Pt, 0.6 nm for Co and 0.9 nm of AlO.  Films are then fabricated into 20 m by  
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Fig 4.2  Device structure.  The films were patterned into 20 m  80 m.  Films 
were applied longitudinally along the film while the Hall voltage was measured 
transversely.  The gate was deposited on top of the FM layer. 
80 m rectangular structures by photolithography and argon milling.  The entire films 
were then covered entirely by 20 nm of AlO through ALD to form the dielectric 
insulating separating layer.  Finally a Cr/Au gate electrode was deposited on top of the 
20 m by 80 m rectangular structure portion of the Pt/Co/AlO film.  An in plane 
current was applied along 80 m direction (x direction) and the Hall voltage was 
measured along the width of the rectangle (y direction).  The magnetization was 
measured via the anomalous Hall voltage as an external magnetic field was swept in the 
perpendicular direction.  Several voltage were applied into the gate electrode to 
investigate the effect on the magnetization measurement.  Measurements were 
investigate for the temperature dependence (Fig 4.2). 
 
 By applying an electric field and inducing a charge displacement into a FM layer, 
the magnetic anisotropy energy can be modulated.  With the magnetic anisotropy energy 
modulated, the work required to switch the magnetization becomes changed as well.  
The other factor to reduce the magnetic anisotropy energy is the temperature.  The effect 
of temperature change and charge displacement can be realized from the Ising model of 
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ferromagnetism.  The exchange interaction energy can be given by the equation 
 
 E = −Jexσiσj 4.5 
 
where σiσj  is a discreet representation of two isolated neighboring spins.  An 
expression representing the sum of the energy for an array of neighboring spins can then 
be represented by  
 
 E = ∑ ei
i=1,N
, ei =
Jsi
2
∑ sk
k=1−z
 4.6 
 
where k is the number of neighboring spins and N is the number of total atoms.  A term 
for the average spin states can be represented through the Boltzmann distribution to form 
 
 s̅ =
eβμH − e−βμH
eβμH + e−βμH
, β =
1
KT
, ei =
Jzs̅
2
 4.6 
 
(where μH represents the effective field of the spins) so that the interaction energy per 
atom can be rewritten to form the third term.  It can be roughly determined that the 
application of an electric field changes the population of the spin distribution and that 
increasing temperatures weakens the exchange field and the subsequent loss of the 
anisotropy energy. 
 
4.3 Results 
 
4.3.a.) Coercivity change with voltage 
 
 The magnetization of Pt/Co/AlO was measured through the anomalous Hall 
voltage with a sweeping magnetic field at room temperature.  The current applied into 
the sample was set at 15 A which in a 20 m wide Hall rectangle should not cause 
significant heating due to the low current density.  The hysteresis was first measured at 
close to room temperature with no applied gate voltage which determined that the sample  
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Fig 4.3 Gate voltage hysteresis.  The hysteresis was measured with an applied field 
swept out of plane to the sample with a positive and negative gate voltage applied.  
The negative gate voltage shows a decrease in the hysteresis which is associated with a 
decrease in the perpendicular MAE.  The opposite occurs when a positive voltage is 
applied. 
exhibited a coercivity of approximately 40 Oe (Fig. 4.3).  A voltage of +8V and -8V was 
applied into the sample to modify the electronic structure and measure the change in the 
magnetization.  An applied -8V at the gate electrode reduced the coercivity by 
approximately 2 Oe while a positive +8V increased the coercivity by roughly the same 
amount.  By applying the voltage to the gate electrode, the work required to switch the 
magnetization was reduced which indicates in the change of the magnetic anisotropy 
energy.  The permissible voltage of 8V applied into the sample was determined through 
a leak current test.  When the voltage exceeded 8V a significant amount of current began 
tunneling through the electrode and into the sample (Fig. 4.4). 
 
4.3.b.) Phase change by gate voltage 
 
 The threshold for an effortless magnetization switch occurs when the magnetic 
anisotropy energy is reduced to 0 which occurs at curie temperature.  Each sample is 
heated with the hysteresis measured with various applied gate voltages.  Gate voltages 
for these experiments were slightly lowered due to device wear considerations.  Each  
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Fig 4.4 leak current detection.  The leak current was examined for several gate 
voltages applied to the sample expressed in the units of electric field.  4 MV/cm 
corresponds to an 8V applied voltage which is by dividing the voltage by the thickness 
of the dielectric layer. 
hysteresis measurement per temperature and gate voltage is fitted in an Arrott plot to 
determine the point where the Curie temperature is achieved and/or exceeded.  
Traditionally the Arrott plot is plotted with M
2
 and H/M though in this experiment it is 
modified to replace the magnetization M with RAHE which is proportional to the 
magnetization and determined from the previous perpendicular hysteresis[50].  Through 
the R
2
 and the H/R plot the linearization of the curve Arrott curve at the point of magnetic 
saturation is calculated to determine the spontaneous Hall resistance corresponding to the 
intercept of the fitted linear function.  When the linearization cross the origin, the 
corresponding temperature of the measured magnetization is the curie temperature.  In 
figure the Arrott plot for 346K, 347K and 348K shows the transition point between FM 
and PM due to the slope of the Arrott plot for T=347 crossing the origin (Fig 4.5).  The y 
intercepts for each Arrott plots per applied gate voltage is plotted against the temperature 
in figure where the spontaneous Hall resistance is the intercept of the R
2
 from the Arrot 
Plot.  The results show that the application of the gate voltage of 4 V results in a change 
in the temperature where the spontaneous Hall resistance drops to 0 (Curie temperature).  
Wi th  a  -4  V appl i ed  the  sample ,  the  cu r i e  t emperature  d rops  1 º  C  
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Fig 4.5 Arrot Plot.  An Arrot plot was created to determine the ferromagnetic phase of 
the FM film.  The linearization was performed at the point of magnetic saturation and 
the y intercept corresponds to the spontaneous Hall resistance. 
while an increase in the curie temperature is found to increase 1º C when a +4 voltage 
was applied (Fig. 4.6).  The results here are consistent with the coercivity change and the 
voltage dependence.  The negative voltage applied reduces the magnetic anisotropy 
energy as indicated by the decrease in coercivity and the paramagnetic state is achieved 
for a lower temperature.  In the case of the positive voltage, the magnetic anisotropy 
energy is increased as indicated by the coercivity increase and thus results in a higher 
temperature required to achieve the paramagnetic state. 
 
4.4.) Discussion 
 
 The decrease in magnetic anisotropy energy with negative voltage and increase 
in magnetic anisotropy energy is similar[46][50] to several reports in similar systems 
involving Pt HM and Co or Fe FM layers, though Ta exhibits opposite behavior[51].  It 
can be estimated from Eq. 4.6 that in this particular sample, +1V/-1V adds/removes 
approximately 0.1 electrons per Co atom, however the polarity is somewhat conflicting  
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Fig. 4.6 The spontaneous Hall resistance was measured for several gate voltages and temperatures.  
When the spontaneous Hall resistance is 0, the magnetic ordering is considered paramagnetic and 
the MAE is 0.  With a negative applied voltage, the curie temperature is reduced while the positive 
corresponds to an increased TC.  The reduction in MAE for the - gate voltage results in a lower TC. 
with known theories which has also been reported in a similar experiment by D. Chiba et. 
al.  Due to the electron configuration of elemental Co 4s
2
3d
7
, it is expected that the 
removal of electrons would result in the creation of more unpaired electrons and a greater 
PMA.  Instead in this experiment the opposite was observed where a positive voltage 
(increase in electron number) increased the PMA where as a negative voltage (decrease in 
electrons) led to a reduction of the PMA.  Several reports indicate that this may be a 
direct effect vastly different electronic structure of the 3p/3d hybridized Co/Oxide orbital 
when oxygen is the terminating interface between the Co/AlO.  This also indicates the 
dominating nature of the interface magnetization of Pt/Co/AlO films with PMA and that 
the application of an electrical field can have measurable results on the magnetization 
even for metal layers (which typically screen any electric fields due to high carrier 
densities) .   
 The effect of the gate control rests in two parameters of the set up which are the 
dielectric constant and the thickness of the insulating layer.  In the present experiment, 
the change in the anisotropy energy ratio is similar to an experiment performed by Seki et. 
al. who demonstrated the same effect in an FePt sample.  D. Chiba achieved a 
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marginally larger coercivity change through the use of an HfO insulating layer, whose 
dielectric constant is nearly twice that of AlO[50].  It can be generally established that 
maximizing the dielectric constant is crucial towards achieving a greater degree of control 
on the PMA and several experiments demonstrate a near FM/PM transition at room 
temperature through the use of an electrolytic fluid as an insulating layer.  Several 
electrolytic fluids have dielectric constants 20 times larger than AlO making them ideal 
candidates for such tests[52].  However with liquid based insulating layers, there is a 
risk of Co layer by electromigration, where the Co layer becomes chemically altered due 
to the anodization of metals that occurs much more easily in liquid insulating layers 
instead of solid. 
 
 It can be demonstrated that the PMA can be controlled through the application of 
a gate voltage offering a promising method to reduce the energy barrier for magnetization 
switching.  From the reversed polarity result, it can be roughly deduced that the 
interfacial nature of the magnetization plays the dominant role in the PMA of Pt/Co/AlO 
films.  Further research can be performed to improve the effect of the control through 
various dielectric materials and it is yet to be seen whether gate controlled effects can 
directly alter the current induced SOI. 
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Chapter 5. 
Spin orbit fields in Pt/Co/Pt 
structures. 
 
 
 
 
The SOI fields 𝐻𝑇 and 𝐻𝐿 were measured in Pt/Co/Pt films to examine the current 
induced spin Hall effect on the magnetization.  Rashba fields are expected to be 
nonexistent due to the loss of structural inversion asymmetry due to similar interfaces on 
the Co layer so any measurable fields in Pt/Co/Pt can then be exclusively attributed to the 
spin Hall effect.  The resulting effective field on the magnetization was measured 
through an AC current induced magnetization tilting technique. 
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5.1.) Principle of experiment 
 
5.1.a.) Pt/Co/Pt device properties 
 
Electrons traveling through a HM layer undergo a spin dependent scattering which 
is known as the spin Hall effect (SHE) [15][35][38][39][53][54][55].  An incident 
electron deflecting off the radial electric field of an  HM atom results in a helical spin 
oriented with the helicity coaxial to the incident electron velocity.  In a Pt/Co/Pt Hall bar 
sample, a uniform current density is assumed to traverse throughout the Pt regions within 
the film and inducing a spin Hall effect in the top and bottom Pt layers (Pttop and Ptbot) Fig 
5..  The underside of Pttop is adjacent to the Co layer while the topside of Ptbot is adjacent 
and thus for for a unidirectional current traversing through the trilayer, two opposite spin 
currents will converge into the Co layer.  This concept by itself renders the net exertion 
of a spin current in a Pt/Co/Pt impossible, however the spin Hall effect intrinsic scattering 
is highly thickness dependent due to drift diffusion dynamics[15].  Suppressing the spin 
current generation can be done by adjusting any Pt layer thickness below spin diffusion 
length in Pt which is assumed to be 1.4 nm (Fig 1.4).  The effect on the spin current JS 
by SHE due to the thickness of Pt can be characterized by[15]  
 
JS = J0 (1 − sech (
h
hdiff
)) 
 
It is expected that asymmetric thicknesses of Pttop and Ptbot can still result in net spin 
currents (and the associated torque and field) on the magnetization (Fig 5.2).  The effect 
on the FM layer can be modeled using the Slonczewski torque dynamics depicted in Eq. 
2.38. 
 
5.1.b.) Sample structure 
 
Hall bar structures with a width of 5 m and length of 50 m were used to achieve 
a higher current density for the detection of SOI fields.  Contact pad wire patterns were 
created by photolithography on an SiO substrate and was subsequently deposited with Au  
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Fig 5.1 Spin drift, diffusion.  (a) An in plane current into Pt induces a spin dependent 
scattering resulting in a spin accumulation on the surfaces of the metal.  A spin current 
is then exerted vertically from the film layer.  (b) the spin scattering is highly thickness 
dependent.  For Pt layers thinner than the spin diffusion length, the spin scattering 
process will be suppressed. 
to form the metal contact pad wires.  Pt, Co and Pt was then deposited onto those 
substrates with Au wires through RF magnetron sputtering.  The hall cross pattern was 
then overlaid on the wires and Pt/Co/Pt and then argon milled to form the final Pt/Co/Pt 
cross (Fig 5.3).  Three films of different thickness dimensions are selected; 
Substrate//Ptbot (6-x) nm / Co 0.6 nm / Pttop x nm where x = (1,2,3).  Gold wires were 
bonded to each contact pad to for all electrical measurements. 
 
5.2.) Measurement technique 
 
The AC current magnetization tilting technique involves applying an AC current 
I0 sin(ωt) x̂ and measuring the resulting anomalous Hall voltage[56][57][58][59].  The 
Hall voltage is proportional to the current from which can be determined by 
 
 VAHE = RAHEI0 sin(ωt) (5.1) 
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Fig 5.2 Spin currents in Pt/Co/Pt structures.  A current exerted into Pt/Co/Pt results in 
two opposite spin current from the bottom and top Pt layers into the Co.  A net spin 
current can still exist if one of the Pt layer thicknesses is below the spin diffusion length.  
It is assumed that asymmetric Pt thicknesses can result in a net spin current. 
where I0  is the current amplitude.  The anomalous Hall resistance RAHE  is 
proportional to the projection of the magnetization along the ẑ axis which when taken 
into account, the equation 5.1 can be represented as 
 
  VAHE = RAHEI0 sin(ωt) cos(θ) (5.2) 
 
where θ is the polar angle with 0, π coinciding with the ẑ axis.  Accounting for the 
change in the magnetization angle due to in plane magnetic fields H, one can rewrite θ 
to be 
 
 θ = tan−1 (
H
HAni
)  or θ =
H
HAni
 (5.3) 
 
where the equivalent anisotropy field HAni is significantly larger than the magnetic fields 
applied onto the magnetization.  The amended angle can then be reinserted into the 
equation to form 
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Fig 5.3 Device structure.  The center cross portion consists of Pt/Co/Pt while the extension wires consist 
of Au.  The current is applied longitudinally to the sample (x direction) and the Hall voltage is measured 
transversely (y) direction.  Applied fields lie along the xz plane. 
 
 
VAHE = RAHEI0 sin(ωt) cos (
H
HAni
) (5.4) 
 
H is constituted of an applied external magnetic field as well as an effective field due to 
SOI.  The external field as well as the effective field by SOI can be expressed as the 
magnitude of its components √HX + HY  and √HL + HT .  For the simplicity of 
calculations, only the coplanar external and SOI fields in the x̂ and ŷ direction will be 
considered in the calculation as well as the measurement (Fig. 5.4).  Later it will be 
explained why this contributes little error to the measurement.  The amended equation 
can then be expressed as 
 
 
VAHE = RAHEI0 sin(ωt) cos (
HX,Y + HL,T sin(ωt)
HAni
) (5.5) 
 
where sin(ωt) following the SOI fields is the result of the sinusoidal current applied into  
AC current 
Hall -  
Hall +  
GRND 
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Fig 5.4 Schematic of the AC tilting.  Applying an AC current results in an AC hall voltage.  A secondary 
effect is the oscillation of the magnetization which induces a small oscillation in Hall voltage which 
constitutes as a second harmonic signal.  Measuring this second harmonic hall voltage amplitude at 
several polar angles tilted by the external applied field HX allows for the calculation of the effective field 
strength HL.  
the sample.  The cosine term can then be Taylor expanded to form 
 
 
VAHE = RAHEI0 sin(ωt) (1 −
HX,Y
2
2HAni
2 −
2HX,YHL,T sin(ωt)
2HAni
2
−
HL,T
2 sin2(ωt)
2HAni
2 ) 
(5.6) 
 
where all terms past the 2
nd
 order are ignored.  The HL,T
2 sin2(ωt) HAni
2⁄  term can be 
neglected without too much loss in accuracy (explained later).  Separating the 
coefficients and using trigonometric identities it can also be seen that the equation can 
then be amended to the form 
 
 
VAHE = RAHEI0 sin(ωt) (1 −
HX,Y
2
2HAni
2 )
+ RAHEI0 sin(ωt) (
2HX,YHL,T sin(ωt)
2HAni
2 ) 
(5.7) 
81 
 
   
 
VAHE = RAHEI0 (1 −
HX,Y
2
2HAni
2 ) sin(ωt) + RAHEI0 (
HX,YHL,T
4HAni
2 ) cos(2ωt) (5.8) 
 
We’ll define coefficients linear to each sinusoidal function so that 
 
 
Vω = RAHEI0 (1 −
HX,Y
2
2HAni
2 ) , V2ω = RAHEI0 (
HX,YHL,T
4HAni
2 ) (5.9) 
   
 
 
VAHE = Vω sin(ωt) + V2ωcos(2ωt) (5.10) 
 
Finally, this form allows for a very convenient way for determining the SOI field which is 
simply done by taking the first derivate of the second harmonic signal and dividing it by 
the second derivate of the first harmonic signal. 
 
 
HL,T =
∂V2ω ∂HX,Y⁄
∂2Vω ∂HX,Y
2⁄
 (5.11) 
 
Under a constant AC current amplitude, the VAHE coefficients Vω and V2ω is measured 
with a lock in amplifiers in a swept external magnetic field.  The respective V2ω and 
Vω plots for are fitted with linear and squared fitting to determine the slope and concavity 
required for the SOI field calculation.   
 
5.2.a.) Physical meaning of first and second harmonic signals 
 
It can be seen that an applied AC current induces a sinusoidal VAHE as well.  If 
we arbitrarily determine the AC current to be I0 sin(ωt), it can be realized that at points 
of maximum current, the VAHE is also at a maximum.  The secondary effect of the peak 
current is a peak SOI field in the in plane direction.  This causes the magnetization to tilt 
away from the vertical axis causing a decrease in the VAHE.  Plotting the VAHE against 
time with these two contributions results in a sinusoidal plot with a dip in the peak due to  
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Fig 5.5 Schematic of the Hall resistance amplitude induced by the oscillation.  The amplitude increases as 
the polar angle is tilted which corresponds to a larger second harmonic Hall voltage when the in plane field 
HX increases. 
the tilting of the magnetization when current is at a maximum which is mathematically 
equivalent to the sum of a sinusoidal function and a second harmonic sinusoidal function.  
It can be visualized that  Vω corresponds to the current proportional AHE, while V2ω is 
due to the contribution of the magnetization tilting by the current induced SOI effective 
field. 
 
The VAHE dependence on an in plane field applied field can be determined 
through vector addition.  When the sinusoidal SOI field is oscillating about the 
equilibrium vertical ẑ axis (when HX and HY = 0), the magnetization vector oscillates 
between two equal polar angle points resulting in a small V2ω amplitude.  As this 
oscillation is tilted away from the equilibrium, oscillations about the tilted axis results in a 
stronger amplitude.  This amplitude scales linearly with the applied field (Fig 5.5).  It is 
also noted that the SOI field component co-planar to the applied field will contribute to 
the second harmonic signal linear change in amplitude.  Magnetization oscillations in 
the azimuthal direction ϕ will not contribute to a measureable effect on the 
magnetization.  For simplicity, in this experiment the HT will be measured when the  
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Fig 5.6 Magnetization tilting technique error.  The AC magnetization tilting equation (Eq. 5.11) uses small 
angle approximations which require the spin orbit field and the external field to be marginally smaller than 
Hani.  The contour graph  maps out the maximum error % for several values of the spin orbit field and 
external field in units of Hani. 
applied field is swept in the y direction while HL will be measured when the applied 
field is swept in the x̂ direction.  Each SOI field is measured individually rather than in 
combination.   
 
5.2.b.) Advantages/limitations 
 
There are several benefits to the measurement of the SOI field through this 
method in contrast to 2d magnet DC current biasing as well as pulsed current switching.  
Lock in amplifiers are capable of measuring weak signals precise to several nV without 
significant interference due to noise.  This allows the measurement of magnetization 
effects by SOI with low applied current densities less than 10
7
 A/cm
2
.  Another benefit is 
the elimination of errors due to heating effects.  Any heating effect can be attributed to 
the reduction of HAni, which as seen in Eq. 5.9 – 5.11, is cancelled out and this is not 
expected to cause errors in measurement so long as these do not deviate from the 
mathematical limitations which will be discussed.   
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Several “small angle” mathematical approximations are used in the derivation of 
the equation 5.11 which is used to calculate the strength of the SOI field.  The small 
angle approximation puts limits on the strength of the external field as well as the SOI 
field.  The non approximated equation takes on the form  
 
 
VAHE = RAHEI0 sin(ωt) cos (tan
−1 (
HL,T sin(ωt) + HX,Y
HAni
)) (5.12) 
 
We can approximate several values; SOI fields HT and HL can be estimated to be 100 
Oe, applied fields HY and HX can be estimated to be about 1000 Oe and HAni to be 
10,000 Oe.  The first approximation is taken at the arctan function 
 
 
tan−1 (
HL,T sin(ωt) + HX,Y
HAni
) =
HL,T sin(ωt) + HX,Y
HAni
 (5.13) 
 
which results in an error of 0.5% assuming the previous field values tilts the 
magnetization .  The second approximation comes from ignoring higher order terms 
while Taylor expanding the cosine term to form the following coefficients relative to the 
calculation, which are 
 
 HX,Y
2
2HAni
2 −
2HX,YHL,T sin(ωt)
2HAni
2 −
HL,T
2 sin2(ωt)
2HAni
2  (5.14) 
 
Assuming that HX,Y is 10 times larger than HL,T it is assumed that HL,T
2  contributes at 
most 1.25% deviation to HX,Y
2  and HX,YHL,T .  The following table represents the 
maximum error for values of HL,T and HX,Y indicating the maximum error percentage 
with various values of the SOI field and applied field in percentages of HAni (Fig 5.6). 
 
5.3 DC test Results 
 
5.3.a.) Anomalous Hall voltage measurements  
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The first step was to determine the RAHE by applying a DC current I0 into the 
sample while measuring the anomalous Hall Voltage VAHE and sweeping an applied 
magnetic field applied between 1 kOe.  The RAHE  is then calculated from the 
difference in the VAHE of the magnetization in the up direction θ = 0 and the down 
direction θ = 180.  The measurement is performed for all Pt/Co/Pt samples.  Films are 
found to exhibit the following properties with values illustrated in Fig. 5.7 
 
Ptbot nm Co nm Pttop nm Coercivity (Oe) RAHE (ohm) 
5  0.6 1 318 0.4 
4 0.6 2 214 0.4 
3 0.6 3 205 0.4 
 
The squareness ratio and the resulting hysteresis indicates that the films exhibit a 
uniaxial PMA.  There is a slight thickness dependence on coercivity which increases 
with increasing Ptbot thickness.  This increase in coercivity can be attributed to the 
increased buffering between the crystallographic mismatch between the Co layer and the 
substrate though it is not expected to have any effect on the measurements to be 
performed.  All samples exhibit a similar RAHE  which is expected since the Co 
thicknesses as well as its interfaces are the same for all three samples. 
 
5.3.b.) SHE assisted magnetization switching 
 
A second test using DC current is performed to examine the contribution of the 
SHE field with the switching of magnetization.  A high 6 mA DC current is applied 
throughout the sample while an external applied magnetic field was swept between 5 
kOe oriented 89º degrees from the vertical axis along the xz plane H89.  In this particular 
configuration, the high DC current applied into the sample will result in a constant 
longitudinal field HL also being exerted into the sample.  Depending on the current 
polarity, HL can either be assisting or resisting the magnetization reversal due to the 
applied field H89.  In the case where HL assists the switching field the coercivity will be  
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Fig 5.7 Anomalous Hall resistance for all Pt/Co/Pt samples.  Pt 5 nm / Co 0.6 nm /Pt 1 nm has a slightly 
higher coercivity due to the increased buffering between the substrate and Co layer.  All films exhibit 
PMA. 
lower, while a higher coercivity is expected when HL is resisting the switching.  The DC 
test plots the magnetic hysteresis represented by the RAHE against H89 which show 
asymmetric hysteric behavior depending on the current polarity (Fig 5.8).  In the sweep 
from +5 kOe to 0 Oe, the hysteresis for the -6 mA saturates to its maximum value before 
the + 6 mA indicating that the -6 mA creates an HL oriented opposite to the applied field 
H89 (assisting the magnetization reorientation to the equilibrium maximum RAHE) while 
the HL due to the positive current is in the same direction.  In the sweep from 0 Oe to -5 
kOe, the HL from the -6 mA is now in the same direction of H89 which aids the switching 
of the magnetization and results in the smaller coercivity.  The positive current shows a 
larger coercivity due to the associated HL now oriented opposite to the H89 and resisting 
the magnetization switching.  When the magnetization switches to the –z direction, the 
associated HL also switches orientation which results in the exact switching behavior and 
relative orientations of HL from 6 mA with H89.  It can be seen that the hysteresis plot 
is symmetric about the origin as a result the current polarity dependent effective field HL 
in this sample.  Heating effects may not be trivial due to the high current applied through 
the sample, heating is a dissipative which should not depend on current polarity.  While  
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Fig 5.8 hysteresis with an 89º tilted applied sweeping field.  The hysteresis shows asymmetric behavior 
due to the contribution of the current polarity dependent spin Hall field affecting the contribution of the 
applied field and the anisotropy field (which are both current independent). 
 
Fig. 5.9 Switching mechanism with spin Hall effect.  Based on the spin Hall field polarity, it assists or 
resists the applied field resulting in faster RAHE saturation and coercivity. 
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the DC test shows a directional dependence of the current and the observed hysteresis, by 
itself it is insufficient to determine the strength of the effective field.  The AC 
magnetization tilting technique is used for field strength measurements. 
 
5.4.) AC test resuls 
 
5.4.a.) Harmonic signals measurements 
 
An AC current was applied into each sample to examine the strength of the 
effective field in each sample.  One terminal of the longitudinal lead of the Hall cross 
structure was connected to a Yokogawa wavefactory AC source while the other end was 
grounded.  Both Hall terminals were connected to a Stanford SR830 lock in amplifier to 
measure the sinusoidal Hall voltage as a result of the AC current.  The AC source is only 
capable of outputting an AC peak to peak voltage therefore the current is determined from 
the longitudinal resistance of the sample and machine voltage settings.  The current 
density for Pt 5 nm / Co 0.6 nm / Pt 1 nm was determined to be 3.02 10
6
 A / cm
2
 per AC 
1V peak to peak.  For Pt 4 nm / Co 0.6 nm / Pt 2nm and Pt 3 nm / Co 0.6 nm / Pt 3 nm, 
the current densities were determined to be 2.45 and 2.38 10
6
 A / cm
2
 per AC 1V peak to 
peak.  Each sample was applied with several AC peak to peak voltages at 500 hz while 
the Hall voltage was measured for the 1
st
 and 2
nd
 harmonic signal.  An in plane applied 
field HX was swept between 500 Oe.  The measured amplitude of each respective 
harmonic voltage is then fitted linearly for the second harmonic signal, and a 2
nd
 order 
polynomial fitting is performed for the first harmonic signal.  In Fig 5.10 the first 
harmonic voltage is plotted for Pt 5 nm / Co 0.6 / Pt 1 nm sample which shows a squared 
relationship with the applied field.  By increasing the AC peak to peak voltage, the 
concavity increases which is expected since the first harmonic Hall voltage is linearly 
proportional to the applied current.  In fig 5.11 the first harmonic Hall voltage is plotted 
for Pt 4 nm / Co 0.6 nm / Pt 2 nm.  The first harmonic signal in this sample is also 
observed to exhibit a squared relationship with the applied in plane field with an 
increasing concavity with increasing voltage.  The Hall voltage amplitude is slightly 
greater for the applied field due to its lower coercivity though this is not expected to 
account for much error.  In Fig. 5.12, 5.13, the results of the second harmonic voltage  
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Fig 5.10 First harmonic voltage measurement for Pt 5 nm / Co 0.6 nm / Pt 1 nm sample.  The sample 
exhibits a squared relationship with the applied field which is predicted by Eq. 5.9.  With increasing AC 
peak to peak voltage, the concavity also increases due to the increased current. 
 
Fig 5.11 First harmonic voltage measurement for Pt 4 nm / Co 0.6 nm / Pt 2 nm sample.  The sample also 
exhibits a squared relationship with the applied field. 
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Fig 5.12  Second harmonic voltages for Pt 5 nm / Co 0.6 nm / Pt 1 nm sample.  The voltage is shown to 
exhibit a linear relationship with the applied field. 
 
Fig 5.13  Second harmonic voltages for Pt 4 nm / Co 0.6 nm / Pt 2 nm sample.  The voltage is shown to 
exhibit a linear relationship with the applied field though the amplitude is smaller than Pt 5 nm / Co 0.6 nm 
/ Pt 1 nm due to a weaker effective field. 
-400 -200 0 200 400
-300
-200
-100
0
100
200
300
 
 
 
AC voltage
 2V
 3V
 4V
 5V
 6V
Applied in-plane field H
x
 (Oe)
A
n
o
m
a
lo
u
s
 H
a
ll 
V
o
lt
a
g
e
 (
n
V
)
-400 -200 0 200 400
-200
-150
-100
-50
0
50
100
150
200
Applied in-plane field H
x
 (Oe)
A
n
o
m
a
lo
u
s
 H
a
ll 
V
o
lt
a
g
e
 (
n
V
)
AC voltage
 2V
 3V
 4V
 5V
 6V
 
 
 
91 
 
 
Fig 5.14 Field strength per current density.  The field strength calculated from the linear and polynomial 
fitting of the 2nd and 1st harmonic signals respectively gives us the strength of the effective field. 
amplitudes are plotted against the applied magnetic field.  Pt 5 nm / Co 0.6 / Pt 1 nm and 
Pt 4 nm / Co 0.6 / Pt 2 nm exhibit a linear relationship with the applied field which is 
expected from Eq. 5.9).  The slopes are also shown to increase with the increasing 
applied voltage.  The slope exhibited by the Pt 5 nm / Co 0.6 / Pt 1 nm is greater than the 
ones exhibited by the Pt 4 nm / Co 0.6 / Pt 2 nm samples due to the weaker spin Hall 
fields.  For all samples, the first derivative of the second harmonic signal and the second 
derivative of the first harmonic signal are determined through linear and polynomial 
fitting respectively. 
 
 The field strengths calculated from the linear and polynomial fitting of the 
harmonic voltages are then plotted against the corresponding current density (Fig 5.14).  
The relationship between the field strength and the current density appears to be linear 
which is consistent with the theory of spin orbit torques.  From the slope of the field 
strength vs current density, the effective field is then expressed in units of Oe cm
2
/10
8
A 
and found to be 267 for the most asymmetric Pt 5 nm / Co 0.6 nm / Pt 1 nm sample, 42 
for the less asymmetric sample Pt 4 nm / Co 0.6 nm / Pt 2 nm and nonexistent for the  
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Fig 5.15.  Second harmonic signals with the applied field swept in both x and y directions.  No 
noticeable linear relationship was determined for the field swept in the y direction indicating the lack of an 
HT presence.   
asymmetric Pt 3 nm / Co 0.6 nm / Pt 3 nm sample.  The larger field exhibited by the 
most asymmetric sample is determined to be caused by the existence of a net spin current 
exerted on the magnetic layer when one layer is sufficiently thick to create a spin current 
and the opposite spin current generating layer is suppressed due to spin diffusion.  In the 
less asymmetric sample, the spin current generated by the bottom thick layer is somewhat 
reduced and the opposite spin current from the top layer is increased and resulting in a 
reduced effective field on the magnetization.  The asymmetry in thickness however still 
results in the spin diffusion affecting each layer differently resulting in a net field 
although lower in strength compared to the most asymmetric sample.  In the symmetric 
sample, a spin current is created from the bottom Pt layer and an equal and opposite spin 
current is created from the top layer resulting in no measurable fields.  The results  
 
5.4.b.) HTL and spin Hall angle calculation 
 
 The effective field in the transverse direction is also measured for the most 
asymmetric sample Pt 5 nm / Co 0.6 nm / Pt 1 nm.  The same measurement setup is used  
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Fig 5.16 Squid measurement for Pt/Co.  The magnetization was determined to be 3  10-5 emu. 
for this measurement with the exception that an applied field HY was swept in the ŷ 
direction.  In Fig (5.15) the second harmonic voltage (proportional to the spin orbit field) 
with the field swept in the ŷ direction is plotted against the second harmonic signal with 
a field HX swept in the x̂ direction.  The second harmonic voltage is shown to be 
linearly increasing with applied field strength for the x̂ direction while the ŷ direction 
shows no noticeable increase or linear relationship.  The lack of a linear relationship 
with the applied field HY shows that no effective field in the ŷ direction due to the AC 
current exists in this sample.  It is determined that due to the presence of similar 
interfaces on the Co layer, there exists no electric field due to structural inversion 
asymmetry which eliminates the presence of any effective field due to the Rashba field 
like effect.  A final test is examines to measure the spin Hall angle in this particular 
sample for which the volume magnetization is required.  A SQUID measurement is 
performed on this sample from which it is determined that the magnetization of this 5  5 
mm size sample can be estimated to have a magnetization of 3  10-5 emu (Fig 5.16).  
Using Co thickness of 0.6 nm, the volume magnetization is then determined to be 2  103 
emu/cm
3
 or 2  106 A/m.  From the formula pertaining to the torque per magnetic 
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moment (Eq 2.38), we can make the following substitutions so that 
ℏJS
2eMSh
(?̂? × (?̂? × ?̂?)) = m̂ × HSHE,
ℏJS
2eMSh
= HSHE 
JS
Je
=
2eMShHSHE
ℏJe
,
JS
Je
=
2e(2 × 106)(2.67 × 10−14)(6 × 10−10)
ℏ
 
where the unsuppressed maximum spin Hall field 267 Oe cm
2
/10
8
A has been used and 
expressed in units of T m
2
/A.  The result is a spin current to current density ratio of 
0.098 which is slightly higher but similar to the 0.08 published in other literature.  We 
find that in this experiment, the strength and thickness dependence is consistent with the 
spin Hall effect which is based on a spin Hall angle (Js/Je) ratio consistent with values 
reported elsewhere for Pt[15][38][39]. 
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Chapter 6. 
Spin orbit field measurements in 
Pt/Co/AlO structures. 
 
In this experiment, we attempt to measure the collective Rashba and Spin Hall field 
and their relationship with the transverse and longitudinal fields.  Layer thicknesses 
are varied and the corresponding change in the field strength are determined to 
attribute each effect to the respective effective field on the magnetization. 
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6.1.) Background 
 
Pt/Co/AlO films were fabricated to investigate the effects of the spin orbit fields 
in a system with structural inversion asymmetry in contrast to the interfacially symmetric 
structures that is the case with Pt/Co/Pt.  It is expected that in these samples, there exists 
a transverse field related to the Rashba effect as well as a longitudinal field related to the 
spin Hall effect[57][16].  Several films of varying Pt and Co thickness were fabricated to 
measure the strength of each field and its relation to thickness.  It is known that the spin 
Hall effect originates from the Pt layer and is thickness dependent, while the Rashba 
effect originates from the interface and is not explicitly dependent on thickness.  The 
measurements are carried out in a similar manner to the Pt/Co/Pt experiments though with 
a correction added for the planar Hall effect due to the presence of two orthogonal 
fields[60]. 
 
6.2.) Pt/Co/AlO sample 
 
6.2.a.) Deposition 
 
 The first process of the fabrication of the film involves the deposition of the 
metal onto the MgO 111 substrates, (unlike in the Pt/Co/Pt experiment the wire pads were 
first fabricated prior to any deposition).  Pt/Co were then deposited through RF 
magnetron onto MgO 111 substrates at 200ºC at 80W 0.15 Pa Ar and 50W at 0.2 Pa Ar 
respectively.   0.35 nm of AlO was deposited using a deposition power of 50 watts and 
an Ar pressure of 0.2 Pa.  Proper deposition of AlO requires an intial presputter of the 
target at 250W and a pressure of 0.8 Pa for at least 5 minutes.  Then the power can be 
adjusted to 50W and the pressure adjusted to 0.2 Pa.  To ensure the consistency of 
deposition, the AC peak to peak voltage as well as the DC bias of the load impedance on 
the RF matching box is measured each time.  At 50W of deposition power, the peak to 
peak voltage ranges between 197 V to 210 V while the DC bias voltage varies between 5 
V to 7 V.  Insulating material deposition usually presents a larger challenge since 
deposition conditions can change due to the thermal and electrical surface conditions of 
the target material whereas in metals and highly conductive materials this is usually not a  
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Fig. 6.1 Device structure.  Pt/Co/AlO is limited to the center cross portion in the picture while the other 
parts are platinum wires leading to the contact points to the measurement machine.  AC and DC currents 
are applied vertically in the picture while the Hall voltage was measured horizontally. 
problem.  Drastically different peak to peak AC voltages and/or DC biases can indicate a 
drastic change in the deposition conditions even in cases where RF power and Ar pressure 
remains unchanged.  Deposition of AlO through RF magnetron sputtering is limited to 
0.35 nm due to the vertical diffusion of atoms by the reduced surface mobility of 
amorphous AlO[61].  A thin 0.35 nm AlO barrier layer cannot protect the easily oxidized 
Co layer through the various lithography, etching processes and must be made thicker 
through ALD.  ALD is used to extend the AlO barrier layer another 2 nm which is 
sufficiently thick to prevent damage to the Co directly underneath yet not too thick to 
make etching processes difficult. 
 
6.2.b.) Device fabrication 
 
 As the deposition of Pt/Co/AlO films by RF magnetron sputtering and ALD is 
complete, the film is covered with photoresist and the wire patterns used in the previous 
experiment are then created.  HF acid mixed with water in a 1:9 ratio is the selected 
chemical etchant which will remove AlO and Co while leaving Pt unaffected.  The film  
AC source 
GRND 
Hall - 
Hall + 
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Fig. 6.2 Measurement setup.  An AC current induces a oscillation in the magnetization by spin orbit 
interaction which is measurable in the second harmonic component of the Hall voltage.  By tilting the 
magnetization with an external field and measuring the amplitude of the second harmonic oscillation  
with the wire pattern resist is immersed into the HF solution for 3-5 seconds before being 
washed in de-ionized water.  With the wire contact pad regions devoid of any AlO and 
Co, additional Pt is deposited into those regions by RF sputtering to increase the contact 
pad thickness for easier workability.  In some cases Cr/Au is deposited by EB evaporator 
to increase contact pad thickness.  The Hall cross pattern is then overlaid onto the wire 
contact pads by photolithography.  An acid etching is performed once again to remove 
all AlO and Co from all regions outside of the Hall cross patterns for easier etching.  At 
this point Pt/Co/AlO exist only underneath the resist patterns, while all other regions that 
are not contact pads are mostly Pt.  With the Hall cross resist pattern still in place, Ar 
milling is performed to remove all Pt from regions outside of the resist patterns and the 
contact pads.  The end result is a Pt/Co/AlO limited to the Hall bar region, a thick Pt 
contact pad and wire and all regions outside are empty space (Fig 6.1). 
 
6.3.) Experiment principles 
 
 With the presence of transverse as well as longitudinal fields predicted by the 
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presence of both Rashba and spin Hall effect, the planar Hall effect becomes an important 
point of consideration.  From the previous experiment, it is known that the anomalous 
Hall voltage is given by 
 
 VAHE = RAHEI0 cos(θ) 6.1 
 
With the addition of the Planar Hall effect term, the above equation can be modified to  
 
 VHall = RAHEI cos(θ) + RPHEI sin
2(θ) sin(2ϕ) 6.2 
 
where ϕ is the azimuthal angle along the xy plane.  The standard Cartesian and polar 
coordinates are used to describe the orientations in this report where x = sin θ cosϕ, 
y = sin θ sinϕ and z = cos θ (Fig 6.2).  To determine the RAHE, the Hall voltage is 
measured with the magnetization saturated in the +z and –z directions since sin θ = 0 in 
these cases and no planar Hall resistance is expected.  The planar Hall resistance is then 
measured by applying a fixed magnetic field in the in-plane direction and rotating the 
sample stage to form several azimuthal angles ϕ with the applied field.  The Hall 
voltage is measured at several azimuthal angles to investigate the angular dependence 
which is related to the planar Hall effect.  As indicated by Eq. 6.2 the amplitude of the 
sinusoidal planar Hall resistance with the angle of the applied field and sample is greatest 
at (2n − 1)π/4.  An applied field of constant strength applied into the sample is 
expected to result in a constant tilted magnetization polar angle with no ϕ dependence.  
In the absence of the PHE, the anomalous Hall resistance will be constant for any in plane 
field regardless of ϕ since PMA is uniaxial.  Any factors such as shape anisotropy and 
the demagnetizing field that could create additional “medium” and “easy” magnetization 
axes resulting in non uniform tilting are considered to be trivial in this sample.  
Therefore any perceived sinusoidal nature of the measured Hall voltage can be attributed 
exclusively to the planar Hall effect.  The angle dependent measured hall voltage can be 
plotted and fitted with a sinusoidal function where the amplitude would correspond to the 
planar Hall effect contribution. 
 
 The effective field measurements are once again performed using the AC current 
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induced magnetization tilting technique, however with the addition of the planar Hall 
effect induces some further corrections to the equations established in the previous 
chapters.  Eq. 6.2 indicates the Hall voltage with the planar Hall contribution.  
Replacing certain coefficients can yield [60] 
 
 VAHE = RAHEI0 sin(ωt) cos(θ) + RPHEI0 sin(ωt) sin
2(θ) sin(2ϕ) 6.3 
 
With adjustments to the angles we can conclude that for the case with an applied field in 
the y direction 
 
θ =
HY + HT sin(ωt)
HAni
, ϕ =
HLsin(ωt)
HAni
 
VHall = RAHEI0 sin(ωt) cos (
HY + HT sin(ωt)
HAni
)
+ RPHEI0 sin(ωt) sin
2 (
HY + HT sin(ωt)
HAni
) sin (2
HLsin(ωt)
HY
) 
 
and for a swept field in the x direction ϕ = 0 
 
VHall = RAHEI0 sin(ωt) cos (
HX + HL sin(ωt)
HAni
)
+ RPHEI0 sin(ωt) sin
2 (
HX + HL sin(ωt)
HAni
) sin (π + 2
HTsin(ωt)
HX
) 
 
The following derivation formulates an expression for the transverse field.  Taylor 
expanding the cosine and sine of the angle terms to the 1
st
 order of the sine function and 
the second order of the cosine function, we can deduce the following 
I sin(ωt) [RAHE (1 − (
HY + HT
HAni
)
2
) + RPHE (
HY + HT
HAni
)
2
2
HL
HY
] 
I sin(ωt) [RAHE (1 − (
HY
2 + 2HYHT + HT
2
HAni
2 )) + RPHE (
HY
2 + 2HYHT + HT
2
HAni
2 )2
HL
HY
] 
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I sin(ωt) [RAHE (1 − (
HY
2 + 2HYHT + HT
2
HAni
2 )) + 2RPHE ((
HYHL + 2HLHT
HAni
2 ) +
HT
2HL
HAni
2 HY
)] 
 
where HT sin(ωt) is abbreviated as HT in the above equation.  Since HL and HT are 
assumed to be much smaller than the anisotropy field HAni, all terms involving the spin 
orbit field squared divided by the anisotropy squared can be ignored while maintaining 
reasonable accuracy.  Arranging the terms to form a linear equation of the sine functions 
power series, the above equation can be reorganized to   
 
VHall = V0 + Vω sin(ωt) + V2ω cos(2ωt) 
Vω =
1
2
I0RAHE (1 − (
HY
HAni
)
2
) , V2ω =
1
4
I0 (
RAHEHTHY − 2RPHEHLHY
HAni
2 ) 
 
 The derivation also applies for the longitudinal field which can be determined by 
switching the relative coefficients.  Taking the first derivative of the second harmonic 
signal and dividing it by the second derivative of the first harmonic signal to determine 
the strength of the transverse fields results in 
 
 
−2
∂V2ω ∂HY,X⁄
∂2Vω ∂HY,X
2⁄
=
V2ωY,X
′
VωY,X
′′ = (HT,L + 2χHL,T) 6.4 
 
 
HT,L =
V2ωY,X
′ VωY,X
′′⁄ − 2χ V2ωX,Y
′ VωX,Y
′′⁄
1 − 4χ2
 6.5 
 
where χ is RPHE RAHE⁄  and it can be realized as well that for samples that exhibit a 
very small planar Hall effect, the original equation expressed in the previous experiment 
holds true. 
 
6.4.) DC measurement results 
 
6.4.a.) Anomalous Hall resistance 
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Fig. 6.3 Anomalous Hall resistance measurements with sweeping out of plane field.  Thick Pt samples 
exhibit the smallest anomalous hall resistance due to the diversion of current into Pt.  In the normal 
sample the anomalous Hall resistance slightly increases due to current redirected into the magnetic 
portion.  The thick Co sample exhibits the largest anomalous Hall resistance  
The materials prepared for this experiment are Pt 3 nm / Co 0.6 nm / AlO 2 nm, 
Pt 5 nm / Co 0.6 nm / AlO 2 nm and Pt 3 nm / Co 0.9 nm / AlO 2 nm which are each 
fabricated into 5 × 50 μm rectangular Hall bar structures in the methods previously 
stated.  The Pt 5 nm / Co 0.6 nm / AlO 2 nm sample is characterized as a thick Pt sample, 
while the Pt 3 nm / Co 0.6 nm / AlO 2 nm sample is characterized as the normal sample 
and the last sample with dimensions of Pt 3 nm / Co 0.9 nm / AlO 2 nm being 
characterized as a thick Co sample.   
 
Sample nomenclature 
Thick Pt Normal Thick Co 
Pt 5 nm / Co 0.6 nm / AlO Pt 3 nm / Co 0.6 nm / AlO Pt 3 nm / Co 0.9 nm / AlO 
 
 
The anomalous Hall resistance is first determined through a hysteresis 
measurement with an out of plane magnetic field 𝐻𝑍.  A 0.1 mA DC current is applied 
longitudinally to the sample and the Hall voltages are measured along the terminals in the 
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y direction.  In this particular configuration, the planar Hall effect plays no contribution 
since it is assumed at all times the magnetization is saturated in the z direction due to the 
anisotropy field as well as the applied field 𝐻𝑍 lacking any component in the in plane 
direction as indicated by Eq. 6.3.  The voltage amplitude between the up magnetization 
and down magnetization in the hysteresis is divided by the current to calculate the 
anomalous Hall resistance (Fig. 6.3).  The calculated anomalous Hall resistance for the 
three samples are  
 
Anomalous Hall resistance 
Thick Pt Normal Thick Co 
0.22 ohms 0.28 ohms 0.68 ohms 
 
Since the anomalous Hall resistance is dependent on the current traversing the magnetic 
region it can be seen that the thicker Pt sample exhibits the lowest anomalous Hall 
resistance due to the current shunting and reduced current density in the Pt/Co interface 
that serves as the region of magnetization.  By reducing the Pt thickness 2 nm, the 
anomalous Hall resistance has increased by 0.06 ohms which can be attributed to the 
increased current density into the Pt/Co interface now that the Pt layer has reduced in 
thickness.  The most significant change however comes from the drastic increase in the 
thick Co sample which measured an anomalous Hall resistance of 0.68 ohms.  The 
increase in the Co thickness is likely to have formed a homogeneous Co layer allowing 
for a significantly larger current density to traverse the Pt/Co interfacial region.  While 
magnetization plays a role in the anomalous Hall resistance, the origins of PMA in these 
samples are interfacial in nature and such a thin increase of 0.3 nm of Co is not likely to 
significantly increase the volume magnetization that can be explained by such a large 
increase in the anomalous Hall resistance.  It can only be ascertained that the increased 
anomalous Hall resistance found in the thick Co sample is due to an improvement of the 
Co layer structure leading to improved transport qualities at the Pt/Co interface region. 
 
6.4.b.) Planar Hall resistance 
 
 The planar Hall resistance must also be measured for each of the three samples.   
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Fig. 6.4 Planar hall resistance measurements with a static in plane field and a rotated sample stage.  
Planar Hall resistance is determined through the amplitude of the total sinusoidal Hall resistance. 
To measure the planar Hall resistance, a constant magnetic field was applied in the in 
plane direction, and the sample stage was then rotated (about the z axis) so that the static 
magnetic field would form several azimuthal angles ϕ with the sample.  The Hall 
voltage was first measured in each of the three samples with an approximate 3 kOe field 
applied in the x and y direction 𝜃 = 0, 𝜋 2⁄  respectively.  In these particular 
orientations the planar Hall resistance is expected to be zero and the resulting Hall voltage 
will correspond to the tilted angle given by Eq. 6.1.  Through the Hall voltage at 0 in 
plane field as well as the Hall voltage with the 3 kOe in plane field at 𝜃 = 0, 𝜋 2⁄ , it was 
determined that the magnetization angle was tilted approximately at the following angles 
for each film.  
 
tilting angle  
Thick Pt Normal Thick Co 
22.7º 22.5º 20.1º 
 
With the polar magnetization angle known, the sample stage can then be rotated and the  
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Fig. 6.5 First harmonic voltage of the Thick Pt sample with an applied field swept in the x direction.  
The measured Hall voltage exhibits a squared relationship with the applied field which is consistent with 
Eq. 5.9.  By increasing the AC voltage (and the subsequent current) the concavity increases. 
Hall voltage measured for several azimuthal angles.  It is also assumed that the polar 
magnetization tilting angle is independent of the azimuthal angle in that the static field 3 
kOe in plane field tilts the magnetization a constant angle for all azimuthal angles.  This 
is a reasonable approximation since shape anisotropy (the only factor that can cause non 
uniform tilting) is assumed to be negligent in these samples.  The sample stage is rotated 
between -90 to 90 degrees from which an complete planar Hall effect “period” is 
achieved and can be measured (Fig 6.4).  The measured Hall voltage for the planar Hall 
effect shows a sinusoidal relation with the azimuthal angle of the applied field which is 
expected based on Eq. 6.3.  The amplitude of the Hall voltage against the azimuthal 
angle then corresponds to the planar Hall resistance based on eq. 6.3 once the polar tilting 
angle has been accounted for.  The planar Hall resistances are then determined to be 
 
planar Hall resistance 
Thick Pt Normal Thick Co 
0.036 0.096 0.14 
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Fig. 6.6 First harmonic voltage of the Thick Co sample with an applied field swept in the y direction.  
Similarly the voltage exhibits a squared relationship with the applied field and increases in concavity 
with increasing peak to peak voltage as well. 
The ratio of the planar Hall resistance to the anomalous Hall resistance (the value relevant 
in Eq. 6.5) can then be determined to be 
 
RPHE/RAHE 
Thick Pt Normal Thick Co 
0.16 0.23 0.32 
 
6.6.) AC measurement results 
 
 All harmonic signals are measured through the transverse Hall terminals ŷ with 
an AC current applied longitudinally.  The AC current is represented in voltage peak to 
peak as limited by the instrumentation, however the current density can then be simply 
calculated using the known sample resistance as well as the cross section area.  Each 
sample is measured for the 1
st
 and 2
nd
 harmonic voltage through a lock in amplifier with a 
magnetic HX HY field swept in either the x direction or y direction respectively.  
Several peak to peak voltages are used to ensure consistency in measurements.  All films  
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Fig 6.7 Second harmonic voltage of the Thick Pt sample measured with a field swept in the x direction.  
The Hall voltage amplitude shows a linear relation with the swept field which is consistent with Eq. 5.9.  
Increasing AC voltage (current) also shows an increasing slope. 
exhibit a squared relation between the first harmonic signal and the applied field which is 
consistent with the Hall voltage and the applied external field within low angle 
approximations given by Eq. 6.1.  In Fig. 6.5, the first harmonic voltage is shown for the 
thick Pt sample which a squared relationship between the first harmonic voltage and the 
applied field HX.  The concavity (second derivative) of this plot is determined through a 
2
nd
 order polynomial fitting.  With increasing voltage, there is also a linear increase in 
the concavity since the second harmonic voltage is also dependent on the current (which 
also increases linearly).  For the thick Pt sample, the swept field was applied between 1 
kOe which results in a tilting angle less than 10º which we can determine that all low 
angle approximations made in the derivation of this experiment still hold valid.  In Fig. 
6.6 the first harmonic signal for the thick Co sample is shown.  Similarly the first 
harmonic amplitude exhibits a squared relationship with the applied field.  Due to the 
stronger anomalous Hall resistance of the thick Co samples, lower peak to peak voltages 
were used as well as a narrower sweeping field of HY = ±0.5 kOe was used.  
Increasing concavities in the measured first harmonic signals are also observed for the 
thick Co sample through the same polynomial fitting methods which is consistent with  
108 
 
-500 0 500
-150
-75
0
75
150
 4 V
 3.5 V
 3 V
 2.5 V
2
n
d
 H
a
rm
o
n
ic
 V
2

 (
n
V
)
  
Applied Field H
Y
 (Oe)
 
Fig. 6.8 Second harmonic voltage of the Thick Co sample measured with a field swept in the y direction.  
Similarly the relationship is observed to be linear and increasing with voltage. 
the current dependence as well.  There is also no dependence on the 1
st
 harmonic signal 
and the orientation of the applied external field.  A swept HY and HX both yield exact 
same results. 
 Second harmonic signals are measured through the same method with the lock in 
amplifier set accordingly.  Each sample is measured with an applied field swept in both 
x and y directions to measure the second harmonic signals for transverse and longitudinal 
components.  Shown in figure 6.7 and 6.8 is the second harmonic signal with a field 
swept in the x direction in the thick Pt sample and the second harmonic signal with a field 
swept in the y direction in the thick Co sample.  The second harmonic voltage for both 
the transverse and longitudinal exhibits a linear relationship with the applied in plane 
field which is consistent with the previous equations.  Each sample is measured for 
several peak to peak voltages and then the slope is determined through a linear fitting of 
each measurement.  The second harmonic voltage signal linearly proportional to the 
strength of the spin orbit fields as well as the applied current which results in a squared 
slope relation with the applied AC current.  The slope calculated for each second 
harmonic voltage with swept HY and HX are calculated for each sample and dividing it  
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Fig 6.9 Plotting the quotient of V2ωY
′ VωY
′′⁄  against the current density.  The slope of each graph is 
determined through linear fitting and used for the calculation of the HT. 
by the concavity of the 1
st
 harmonic signals yields the value that is important for the 
calculation of the actual transverse Rashba field and the longitudinal spin Hall field.  
The values are plotted in figures 6.9 and 6.10 for the y direction and the x direction 
respectively expressed in Oe cm
2
/10
8
A.  From equation 6.5 the actual field strengths can 
be calculated from all the graphs.  The final calculated values for the transverse and 
longitudinal fields are given in the following table. 
 
 Thick Pt Normal Thick Co 
HT 34.04 56.75 355.86 
HL 106.37 71.02 199.7 
 
6.7.) Discussion 
 
 The strength of HL ordered from smallest to largest starts with the normal 
device, followed by the thicker Pt device and finally the thick Co device.  The increase 
of HL between the normal device to the thick Pt device can be understood as the  
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Fig 6.10 Plotting the quotient of V2ωX
′ VωX
′′⁄  against the current density.  The slope of each graph is 
determined through linear fitting and used for the calculation of the HL. 
reduction of the spin current due to spin diffusion for thinner Pt layers which is consistent 
with a result obtained from the Pt/Co/Pt experiments.  The normal sample also exhibits a 
larger HT compared to the thick Pt sample which is due to the reduced current shunting 
into the Pt layers allowing for a greater current density at the Pt/Co interface.  This is 
also evidenced by the greater anomalous Hall resistance the DC measurements.  The 
marginally larger HT and HL found in the thick Co sample is less intuitively obvious.  
It can only be ascertained that the thicker Co deposition has resulted in a more uniform 
Co layer which may not have been possible with the thinner Co layers.  The spin Hall 
effect as well as the Rashba effect has no distinct dependence on Co layer thicknesses.  
With the improvement of the Co layer, a homogeneous interface at the Pt/Co is also 
implicated leading to the improved effective fields.  The improvement of the interface 
and the trilayer structure can also be evidenced by the larger anomalous Hall resistance of 
0.68 ohms.  The anomalous Hall resistance is proportional to the magnetization and the 
current traversing through the region.  Since increasing Co thickness by such a small 
amount is not likely to increase the magnetization significantly, it can only be attributed 
that a greater diversion of current is being redirected into the Pt/Co interface and Co layer 
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region. 
 
 The maximum 𝐻𝑇 of 355.86 Oe cm
2
/10
8 
A respectively shows similar value to 
~300 and ~400 Oe cm
2
/10
8
A reported by Miron et al for Pt/Co/AlO[16] and in Kim et al 
for Ta/CoFeB/MgO[57]. The maximum 𝐻𝐿 measured in this experiment to be 199.70 Oe 
cm
2
/10
8 
A is also similar to ~110 and ~160 Oe cm
2
/10
8 
A reported in Liu et. al[15] and 
Kim et al for Pt/Co/AlO and Ta/CoFeB/MgO respectively[57].  There is an agreement 
between the symmetry, orientation of the torques and field vectors and its layer thickness 
dependence to previous reports.  𝜏𝑒𝑣𝑒𝑛 and 𝐻𝐿 has been attributed to the SHE due to its 
thickness dependence on the Pt/Ta layer which is consistent with theories of spin 
drift/diffusion[38][15].  The increased 𝐻𝑇  with increasing Co layer thickness in the 
present experiment is somewhat conflicting since the theoretical aspects indicate no 
particular thickness dependence (only interface).  The experiment performed by Kim et 
al. reported a decrease in 𝐻𝑇 with increasing CoFeB thickness from 1.0 to 1.5 nm[57].  
However this can possibly be explained by the diversion of current from the Ta/CoFeB 
and CoFeB/MgO interface into the bulk CoFeB as well as the loss of the electric field 
from dissimilar interfaces due to charge screening in metals.  In our experiment, the 
slight increase in film thickness to 0.9 nm improved layer homogeneity.  It should be 
also noted however that while Ta/CoFeB and Pt/Co exhibit strikingly similar magnetic 
properties, Ta/CoFeB with perpendicular magnetic anisotropy exists as a cubic crystal 
structure in contrast to the close packed FCC 111 in Pt/Co.  Thickness dependencies may 
not be completely generalized across the two films since their electronic structures may 
be different as a result of a different crystal structure. 
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Chapter 7 
Conclusion 
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 We have attempted to fabricate perpendicularly magnetized Pt/Co/AlO films and 
control the magnetization through current induced and electric field effects for the 
purpose of advancing the efficacy of magnetic sensor and memory devices.  
Perpendicular magnetic anisotropy was found to originate from the Pt/Co interface in 
when deposited as an FCC 111 structure which was confirmed through MOKE 
measurements and RHEED.  Pt thickness tests indicate that PMA depends on exceeding 
a threshold thickness for a consistent layer seeding of a Co layer.  Co thickness 
dependence measurements showed that increasing Co results in the decline of PMA due 
to the demagnetizing field.  It was ascertained that acceptable Pt and Co thicknesses 
ranged from 3-5 nm and 0.6-0.9 nm respectively.  PMA and AlO thickness dependence 
was also examined where it was determined that increasing AlO thickness caused a 
decline in the PMA attributed to the diffusion of AlO atoms into Co by prolonged 
sputtering.  Since the role of AlO is to prevent oxidation of the Co layer, the most 
suitable thickness was selected and no experiment was performed in examination of the 
AlO thickness.  With the acceptable deposition/fabrication method and the acceptable 
thicknesses determined, the electrical control of magnetization experiments commenced.   
 
Electric Field Control Results 
 
One of the methods of passively increasing or decreasing magnetic anisotropy is 
through the use of gate control.  Since the ability to switch magnetization (writing data) 
and the ability to retain magnetization (storing data) have mutually opposite MAE 
requirements which is an obstacle that material properties cannot overcome since 
magnetic anisotropy is usually constant.  Electric field allows for the modulation of 
magnetic anisotropy energy allowing for greater efficiency when writing or storing data.  
The induced electric field effects were found to cause a change in the coercivity which is 
related to an MAE change.  The polarity of the voltage and the associated MAE change 
was also consistent with the curie temperature measurements, in the sense that a negative 
voltage resulted in a lower curie temperature/MAE and a positive voltage resulted in a 
increase in curie temperature/MAE.  The same polarity was also reported for other Pt/Co 
experiments and FePt as well although the associated voltage polarity and MAE.  The 
polarity is conflicting since due to the electron configuration of Co 4s
2
3d
7
, it is predicted 
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that a reduction of electrons in the Co layer due to a negative gate voltage would result in 
the creation of a greater number of unpaired electrons resulting in stronger magnetic 
properties.  This indicates that the Co O hybridized interface may play an important role 
in the resulting observed properties.  The degree of MAE change is largely limited by 
the dielectric constant of the insulating layer in which AlO was used in this experiment.  
A promising alternative is HfO which has a dielectric twice as large allowing for a similar 
charge modulation.  Other experiments have demonstrated the much greater modulation 
of MAE through the use of electrolytic fluid layers which have dielectric constants as 
large as 20 times greater than AlO, however liquid dielectrics suffer the problem of 
permanent Co layer degradation due to electromigration of atoms, a problem solid 
dielectrics avoids.  The present experiment demonstrates modulation of MAE through 
gate voltages.  Since anisotropy is related to spin orbit interaction of localized electrons, 
it has yet to be seen if gate voltages can affect spin orbit interactions of delocalized 
current electrons for experiments involving current induced magnetization reversal or 
switching. 
 
Spin Hall effect experiment 
 
 Resolving the controversy of the origin and strength of SOI in these trilayer films 
require an overhaul in the measurement method as well as film properties.  Some of the 
experiments involving constant and pulsed DC currents were prone to heating of the 
sample and weakening the magnetization which gave the (incorrect) perception of a 
strong effective magnetic field.  In addition, the spin Hall effect as well as the Rashba 
effect have distinct origins in regards to material properties, one being a bulk effect and 
the other being interfacial.  By examining materials exclusive to each property allowed 
for a better understanding of the SOI in these devices.  A solution was to measure the 
thickness dependence of the spin Hall effect in Pt/Co/Pt since in this particular sample, it 
was hypothesized that no Rashba effect existed.  Three Pt/Co/Pt films of thicknesses Pt 5 
nm / Co 0.6 nm / Pt 1 nm (very asymmetric), Pt 4 nm / Co 0.6 nm / Pt 2 nm (asymmetric), 
Pt 3 nm / Co 0.6 nm / Pt 3 nm (symmetric) were investigated for the spin Hall effect.  
Using an AC magnetization tilting technique, the contribution of heating to the 
measurement is also eliminated.  It was found that the an effective field, oriented parallel 
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and anti parallel to the current (longitudinal field) existed in the asymmetric and very 
asymmetric samples while no field existed in the symmetric sample.  This is consistent 
with the spin drift/diffusion dynamics since thin Pt layers have spin current suppressed 
due to spin diffusion resulting in a net spin orbit torque exerted on the Co layer.  For the 
symmetric sample, the spin currents from both Pt layers are equal in strength and cancel 
each other out resulting in no effective field on the magnetization.  The strongest spin 
orbit field was measured to be 267 Oe cm
2
/10
8
A which is twice as large as a reported field 
value in a similar structure owing to the spin Hall effect.  Additional tests showed that 
no effective field existed in the transverse direction which is associated with the Rashba 
effect, which is expected since Pt/Co/Pt does not exhibit the dissimilar interface required 
for such observation. 
 
Rashba and Spin Hall effect experiment 
 
 In this experiment, the Rashba contribution was also measured after a successful 
demonstration of the AC magnetization tilting technique and associating the longitudinal 
field with the spin Hall effect.  Through several thickness dependence tests involving a 
thick Pt sample, Pt 5 nm / Co 0.6 nm, a normal sample Pt 3 nm / Co 0.6 nm and a thick 
Co sample Pt 3 nm / Co 0.9 nm, it was found that the Rashba field which exists as a 
transverse field is dependent on current traversing the Co/Pt interface while the 
longitudinal field also resembled the spin Hall field.  This was evidenced by the increase 
in the transverse field in the normal sample compared to the thick Pt sample.  The thick 
Pt sample exhibited a larger longitudinal field which is consistent with the spin Hall effect.  
Most remarkably however was the increase in both longitudinal and transverse field 
resulting in a strength of 355 Oe cm
2
 / 10
8
A for a Rashba transverse field and 200 Oe cm
2
 
/ 10
8
A for a longitudinal spin Hall field.  The improvements have been attributed to the 
formation of a higher quality homogeneous Co layer which is possible with a slightly 
thicker Co deposition.  The field strengths are consistent with other reported values in 
similar systems.  The results here further stress the importance of differentiating the bulk 
and interface and the associated spin orbit interactions. 
 
 We demonstrated the existence of current induced fields affecting magnetization 
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via spin orbit interaction using an AC induced current technique.  The results indicate 
that the spin Hall effect and Rashba effect both coexist in these samples contrary to 
previous belief where SOI was exclusively thought to be limited to one or the other.  In 
addition we also demonstrated the manipulation of the MAE by a gate control.  Through 
these two concepts, it is expected that the efficiency and efficacy in MRAM devices can 
drastically improve if applied.  In addition spin orbit interaction also may play a crucial 
role towards development of devices that exploit the spin degree of freedom for even 
more advanced computing and circuit logic devices.  It is hoped from the authors that 
the information presented here in this experiment has provided a better understanding of 
spin orbit interaction in Pt/Co/AlO films that can be applied elsewhere. 
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Glossary/Conventions 
 
 Represents the polar angle.  0 corresponds to the z axis and 90 is 
anywhere along the xy plane 
 Represents the azimuthal angle.  0º corresponds to the x axis and 
90º corresponds to the y axis. 
Applied field A magnetic field applied into the sample from laboratory machinery. 
Deposition Deposition of Pt/Co/AlO, materials subject to the study, on a wafer to 
form a film.   
Device The final product of the entire fabrication process including all 
components but excluding measurement and laboratory equipment. 
Effective field The effect of the spin orbit torque on the magnetization represented 
in terms of a magnetic field. 
External field See applied field 
Fabrication All processes involving the shaping of the Pt/Co/AlO film into a Hall 
bar structure 
Film The resulting product after deposition.  The notation used for 
describing film composition is material1 / material2…/ materialN 
where material1 is adjacent to the substrate and materialN is exposed 
to the air or immediate environment. 
Hall bar / 
rectangle / wire 
The rectangular shaped Pt/Co/AlO region on the device excluding 
any extension wires or contact pads. 
Oscillation The response of the magnetization to the spin orbit, effective 
torque/field 
Spin Orbit 
Torque 
The torque exerted on the magnetization by a spin polarized current 
originating from any spin orbit interaction 
Spin orbit field See effective field 
Tilt The magnetization angle formed by the application of external 
applied fields represented by the polar and azimuthal angle. 
X axis X axis is coincidental to the current direction used in Hall bar 
structures which also corresponds to the longitudinal distance.  
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Distance and dimensions in this axis are denoted as length l. 
Y axis orthogonal to the Z and X axis.  In the Hall bar structure, this refers 
to the transverse direction.  Distance and dimensions are referred to 
as width w. 
Z axis is always orthonormal to the plane of the film.  In systems and 
diagrams describing the characteristics across film layers, the z axis 
is used.  Distance and dimensions in this axis are denoted with 
height h. 
 
Abbreviations 
 
AC Alternating current 
AHE Anomalous Hall effect 
ALD Atomic layer deposition 
BCC Body centered cubic crystal structure 
DC Direct current 
EB Electron beam 
FCC Face centered cubic crystal structure 
FM Ferromagnetic, Ferromagnet 
GMR Giant magneto-resistance 
HCP Hexagonal close packed crystal structure 
HM Heavy metallic, heavy metal 
MAE Magnetic anisotropy energy 
MCA Magneto crystalline anisotropy 
MOKE Magneto optical Kerr effect (microscope) 
NM Non magnetic, non magnet 
PHE Planar Hall effect 
PM Paramagnet, Paramagnetic 
PMA Perpendicular/out of plane magnetic anisotropy 
RF Radio frequency 
SOF Spin orbit field 
SOI Spin orbit Interaction 
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SOT Spin orbit torque 
TMR Tunneling magneto resistance 
WKB Wentzel Kramer Brillouin approximation  
 
Variables 
 
H Magnetic flux density either applied externally or due to spin orbit 
interaction.  (Oe) 
H89 An external applied field oriented 89º from the z axis along the xz plane 
used in DC measurements 
HAni The anisotropy field in the z direction due to perpendicular magnetic 
anisotropy 
HIN Applied in plane field.  Oriented along the xy plane. 
HL Longitudinal effective field from spin orbit interaction in the x direction 
due to spin orbit interaction 
HT Transverse effective field from spin orbit interaction in the y direction due 
to spin orbit interaction 
HX Applied external magnetic field in the x direction 
HY Applied external magnetic field in the y direction 
HZ Applied perpendicular field, parallel to the z axis. 
I0 Applied AC current amplitude 
m,M Magnetization 
Ptbot Pt layer facing the substrate in a Pt/Co/Pt film 
Pttop Pt layer facing the air in a Pt/Co/Pt film 
R Electrical resistance.  (ohms) 
RAHE Anomalous Hall resistance 
RPHE Planar Hall resistance 
V2ω Second harmonic voltage 
VAHE Anomalous Hall voltage 
VHall Hall Voltage, including the planar Hall effect as well as the anomalous 
Hall effect 
VPHE Planar Hall Voltage 
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Vω First harmonic voltage 
Je Current Density (C / cm2s) 
Js Spin current density (C / cm2s) 
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